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SMALL-MOLECULE CATALYST CAPABLE OF OXYGEN-DEPENDENT 
ALKANE OXIDATIONS 
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Major Professor: John P. Caradonna, Associate Professor of Chemistry 
ABSTRACT 
The productive, controlled activation of O2 via small-molecule catalysts remains a 
significant challenge to bioinorganic chemistry. With enzymes, global folding energies 
dictate the positioning of ligands to optimize chemical pathways. Synthetic iron catalytic 
complexes, with open or labile coordination sites, frequently give rise to Fenton-like 
radical-based reactions. To minimize such  peroxide/hydroxyl radicals, we developed a 
synthetic model for the 2-oxoglutarate-dependent dioxygenases, [FeII(N2O1)]
- (N2O1 = 2-
((2-dimethylamino)ethyl)-(methyl)amino)acetic acid)1. We present herein an iron-based 
synthetic analogue system capable of utilizing dioxygen to perform velut vivum2 C ‒ H 
activation at ambient temperatures and pressures.  
1 GREEN OXIDATION CATALYTIC SYSTEM U.S. Patent No. 10,428,043 B2 issued 
October 1, 2019. 
2 Velut vivum translated “as if living” devised by Profs. Loren J. Samons II and Patricia J. Johnson of 
Boston University’s Department of Classical Studies in collaboration with Prof. John P. Caradonna. 
viii 
The relationships between a range of α-ketocarboxylate adducts producing metal-
to-ligand charge transfer band energies and their corresponding π → π* energy gaps (DFT 
simulated) are described. Electronic (MCD) and computational (DFT) methods are 
combined to elucidate the electronic structures of a subset of these adducts. Catalytic 
efficiency of 15 α-ketocarboxylates is investigated and includes the use of oxalate. The 
latter represents an original example of a small-molecule synthetic catalyst capable of 
activating O2 while using oxalate as a cofactor for C ‒ H oxidation.  
A series of varying N,N,Ox (x = 1  ̶  3) carboxylate-ligated ferrous, ferric, and 
chromic complexes was assessed for chemical and electronic influences of increasing 
carboxylate metal ligation. Electrochemical and spectroscopic characterization, and initial 
reactivities were examined. The use of the same ligand set but with differing ‘d-electron 
count’ explores mechanistically dramatic changes to chemical reactivity in the presence of 
a terminal oxidant.  
A methodology for the functionalization of the N2Ox (x = 1  ̶  3) ligand series, using 
an alkynyl moiety, was also developed. Such could allow ‘click’ chemistry for converting 
homogeneous catalysts to heterogeneous versions. Using a globally uniform and diffuse 
low loading resin will provide enhanced catalyst lifetime by diminishing inactivation 
pathways and support its use in flow chemistry reactors using O2 from air as the oxidant.  
ix 
Table of Contents 
Acknowledgements .......................................................................................................... iv 
ABSTRACT ..................................................................................................................... vii 
Table of Contents ............................................................................................................. ix 
List of Tables ................................................................................................................... xii 
List of Figures ................................................................................................................. xvii 
List of Abbreviations .................................................................................................... xxix 
Chapter 1: The Quest for Controlled O2 Activation and Utilization: Historical 
Journey, Recognition of Chemical Challenges, and an Ultimate Synthetic velut 
vivum Solution from the Caradonna Lab ....................................................................... 1 
1.1 Metal-based catalysis (homogeneous and heterogenized homogeneous) ................ 1 
1.2 Metallobiomolecules ................................................................................................ 4 
1.3 Importance of O2 activation ..................................................................................... 6 
1.4 Mononuclear cofactor mediation—H4pterin-dependent hydroxylases (AAAH): 
phenylalanine hydroxylase (PheH) .............................................................................. 10 
1.5 Mononuclear direct reaction—P450 ...................................................................... 13 
1.6 Binuclear direct reaction—sMMO ......................................................................... 16 
1.7 Mononuclear cofactor bound—2-oxoglutarate-dependent dioxygenases: taurine 
dioxygenase (TauD) ..................................................................................................... 19 
1.8 PheH lessons to inform model systems .................................................................. 22 
1.9 Protein design ......................................................................................................... 23 
1.10 Caradonna lab binuclear iron system ................................................................... 25 
1.11 Velut vivum model: Caradonna lab [FeII(N2O1)Cl2(MeOH)]
- complex as a 
functional model capable of O2 activation ................................................................... 30 
1.12 Conclusions .......................................................................................................... 46 
Chapter 2: Probing the Reactive Nature of the Ferrous N2O1 Complex with 
Dioxygen: The Effects of Altering the Nature of the α-Keto Acid Moiety ................ 49 
2.1 Introduction ............................................................................................................ 49 
2.1.1 Dioxygen as an oxidant .................................................................................. 49 
x 
 
2.1.2. Oxygen atom donors, peracids, and peroxides as alternative oxidants ......... 68 
2.2 Experimental .......................................................................................................... 74 
2.2.1 General experimental considerations ............................................................. 74 
2.2.2 General methods ............................................................................................. 76 
2.2.3 General syntheses ........................................................................................... 82 
2.2.4 Ligand and metal complex syntheses119,123 .................................................... 88 
2.2.5 Determination of formaldehyde concentration: Nash assay180....................... 93 
2.3 Results and Discussion ........................................................................................... 96 
2.3.1 Improved N2O1 ligand and complex synthesis ............................................... 96 
2.3.2 Metal-to-ligand charge transfer band vs. π → π* energy gap trends .............. 97 
2.3.3 Magnetic circular dichroism of the [FeII(N2O1)]
+ complex with various α-KA
 ............................................................................................................................... 105 
2.3.4 α-Ketocarboxylic acid binding affinity to the [FeII(N2O1)]
+ complex ......... 108 
2.3.5 Aerobic catalysis of the [FeII(N2O1)]
+ complex + various α-KAs ............... 112 
2.3.6 FeII(N2Ox) complexes ................................................................................... 117 
2.4 Conclusion ........................................................................................................... 123 
2.5 Appendix .............................................................................................................. 125 
Chapter 3: Metal Ion d-electron Count and its Implications in Reactivity Trends for 
the N2Ox Ligand Complex Series ................................................................................. 151 
3.1 Introduction .......................................................................................................... 151 
3.1.1 Transition metals and the “oxo wall” ........................................................... 151 
3.1.2 (salen)Metal complexes for epoxidation chemistry ..................................... 152 
3.1.3. Expanding the metal scope of the complexes ............................................. 157 
3.2 Experimental Section ........................................................................................... 159 
3.2.1 General experimental considerations ........................................................... 159 
3.2.2 General methods ........................................................................................... 160 
3.2.3 General syntheses ......................................................................................... 163 
3.2.4 Metal complex syntheses ............................................................................. 165 
3.3 Results and Discussion ......................................................................................... 170 
xi 
3.3.1 CrIII(EDTA) .................................................................................................. 170 
3.3.2 Spectroscopic comparison of the Fe(III), Fe(II), and Cr(III) N2Ox complexes
 ............................................................................................................................... 173 
3.3.3 Electrochemical comparison of the chromium, manganese, and iron III/II 
redox couples with varying ligation ...................................................................... 183 
3.3.4 Reactivity studies on the epoxidation chemistry of the CrIII(N2Ox) series ... 187 
3.3.5 Immobilization of the chromium-based catalyst .......................................... 189 
3.4 Conclusion ........................................................................................................... 193 
3.5 Appendix .............................................................................................................. 196 
Chapter 4: Current and Future Efforts Towards Heterogenizing FeII(N2Ox) Moieties 
on Resin Surfaces .......................................................................................................... 211 
4.1 Introduction .......................................................................................................... 211 
4.2 Experimental Section ........................................................................................... 234 
4.2.1 General experimental considerations ........................................................... 234 
4.2.2 Linker Ligand Syntheses .............................................................................. 235 
4.2.3 General syntheses ......................................................................................... 245 
4.3.4 General methods ........................................................................................... 250 
4.3 Results and discussion ......................................................................................... 253 
4.3.1 Surface immobilized linker N2O1 complexes ............................................... 253 
4.3.2 Surface immobilized linker N2O2 and N2O3 complexes ............................... 262 
4.4 Conclusions and future direction ......................................................................... 270 
4.5 Appendix .............................................................................................................. 273 
List of Abbreviated Journal Titles .............................................................................. 316 
References ...................................................................................................................... 319 
Curriculum Vitae .......................................................................................................... 365 
xii 
List of Tables 
Table 1.1. E Factors in the chemical industry. 2 
Table 1.2. Four metal-assisted O2 activation pathways. 9 
Table 1.3. Electrochemical parameters and corresponding dioxygen reactivity of 
[FeII(N2O1)] and Fe
IITauD in the presence and absence of α-KG. 34 
Table 1.4. Summary of reactivity studies of [FeII(N2O1)]
+ complex with substrates 
adapted from Gregor. 43 
Table 2.1. Electronic absorbance features of MNO model α-keto acids (α-KA) 
adducts and taurine dioxygenase (FeIITauD). 55 
Table 2.2. Mononuclear nonheme iron complexes reactivity with dioxygen. 62 
Table 2.3. Metal-to-ligand charge transfer bands for [FeII(N2O1)(p-X BF)] 
complexes in methanol. 64 
Table 2.4. Rate data and Hammett substituent constant for span of para-substituted 
benzoyl formate cofactors in pure methanol. 66 
Table 2.5. Ferrous mononuclear nonheme model complexes used in oxidation 
reactions. 70 
Table 2.6. Series of varying carboxylate-ligated complexes and trends of 
reactivity and reduction potential. 72 
Table 2.7. Observed MLCT bands for Fe(II)TauD in H2O and the [Fe
II(N2O1)]
+ 
complex in MeOH with a range of α-keto acids. 98 
Table 2.8. Metal-to-ligand-charge transfer band energies and corresponding 
molar absorptivity of [FeII(N2O1)(α-KA)(MeOH)]
- complexes. 99 
Table 2.9. Optimized geometries and relative population of isomeric species for 
several α-ketocarboxylate bound complexes. 105 





Table 2.11. Methanol reactivity of ferrous complexes with oxygen atom donor, p-
CN-DMANO. 119 
Table A. 2.1. Geometry optimized coordinates for (3E)-4-(3,4-dimethoxyphenyl)-
2-oxobut-3-enoate(-1). 130 
Table A. 2.2. Geometry optimized coordinates for 2-cyclobutyl-2-oxoacetate(-1). 131 
Table A. 2.3. Geometry optimized coordinates for 2-napthylpyruvate(-1). 131 
Table A. 2.4. Geometry optimized coordinates for 2-oxo-2-thiophenylacetate(-1). 132 
Table A. 2.5. Geometry optimized coordinates for 2-oxo-4-methylthiobutanoate(-
1). 133 
Table A. 2.6. Geometry optimized coordinates for 2-oxobutyrate(-1). 133 
Table A. 2.7. Geometry optimized coordinates for 2-oxopentanoate(-1). 133 
Table A. 2.8. Geometry optimized coordinates for 3-methyl-2-oxobutyrate(-1). 134 
Table A. 2.9. Geometry optimized coordinates for 4-hydroxyphenylpyruvate(-1). 134 
Table A. 2.10. Geometry optimized coordinates for 4-phenyl-2-oxobutyrate(-1). 135 
Table A. 2.11. Geometry optimized coordinates for 5-carboxy-2-oxo-pentanoate(-
1). 136 
Table A. 2.12. Geometry optimized coordinates for α-ketoadipate(-1). 136 
Table A. 2.13. Geometry optimized coordinates for α-ketocaproate(-1). 137 
Table A. 2.14. Geometry optimized coordinates for α-ketoglutarate(-1). 137 
Table A. 2.15. Geometry optimized coordinates for α-ketoglutarate(-2). 138 
Table A. 2.16. Geometry optimized coordinates for benzodioxol-5-yl 
2oxopropanoate(-1). 138 
xiv 
Table A. 2.17. Geometry optimized coordinates for benzoyl formate(-1). 139 
Table A. 2.18. Geometry optimized coordinates for bromopyruvate(-1). 139 
Table A. 2.19. Geometry optimized coordinates for isopropylanilinooxoacetate(-
1). 140 
Table A. 2.20. Geometry optimized coordinates for meso-glyoxylate(-2). 140 
Table A. 2.21. Geometry optimized coordinates for methylglyoxylate(-1). 141 
Table A. 2.22. Geometry optimized coordinates for N,N-dimethyloxamate(-1). 141 
Table A. 2.23. Geometry optimized coordinates for napthylglyoxylate(-1). 141 
Table A. 2.24. Geometry optimized coordinates for oxalate(-1). 142 
Table A. 2.25. Geometry optimized coordinates for oxalate(-2). 142 
Table A. 2.26. Geometry optimized coordinates for oxaloacetate(-1). 143 
Table A. 2.27. Geometry optimized coordinates for oxaloacetate(-2). 143 
Table A. 2.28. Geometry optimized coordinates for para-chlorobenzoyl formate(-
1). 143 
Table A. 2.29. Geometry optimized coordinates for para-cyanobenzoyl formate(-
1). 144 
Table A. 2.30. Geometry optimized coordinates for para-fluorobenzoyl formate(-
1). 144 
Table A. 2.31. Geometry optimized coordinates for para-methylbenzoyl formate(-
1). 145 
Table A. 2.32. Geometry optimized coordinates for para-aminobenzoyl formate(-
1). 145 
xv 
Table A. 2.33. Geometry optimized coordinates for para-dimethylaminobenzoyl 
formate(-1). 146 
Table A. 2.34. Geometry optimized coordinates for para-nitrobenzoyl formate(-
1). 147 
Table A. 2.35. Geometry optimized coordinates for para-methoxybenzoyl 
formate(-1). 147 
Table A. 2.36. Geometry optimized coordinates for pyruvate(-1). 148 
Table A. 2.37. Geometry optimized coordinates for tert-
butyldimethylsilylglyoxylate(-1). 148 
Table A. 2.38. Geometry optimized coordinates for thiomethylglyoxylate(-1). 149 
Table A. 2.39. Molecular orbital energies and resulting energy difference. 149 
Table 3.1. Electronic absorption characterization of [CrIII(EDTA)]-. 172 
Table 3.2. FT-IR spectroscopic characterization for ferrous, ferric and chromic 
complexes. 179 
Table 3.3. Electronic absorption spectroscopic characterization for ferrous, ferric, 
and chromic complexes. 181 
Table 3.4. Transition metal complex reduction potentials. 184 
Table 3.5. Electrochemical characterization of various metal N2Ox complexes. 187 
Table 3.6. Temperature-dependent reactivity of CrIII(N2O1) with p-CN-DMANO 
and cyclooctene. 189 
Table 4.1. Electronic properties of ferrous N2O1, N2O1py, and N2O1py-alkyne 
complexes. 220 
Table 4.2. Reactivity studies of homogeneous and resin-immobilized complexes. 222 
Table 4.3. Varying [Fe] in 4-37 complexes and O2 reactivity with + α-KG. 232 
xvi 
Table 4.4. Theoretical and experimental concentration of methylated SBA-15 
complexes. 257 
Table 4.5. Various attempts at debenzylation of the linker N2O2 ligand to produce 
4-4. 265 
xvii 
List of Figures 
Figure 1.1. Classification of metallobiomolecules including on iron-based 
oxygenases in the oxido-reductase class of enzymes specifically. 4 
Figure 1.2. Buried active sites of sMMO (PDB: 1MTY) with one reactive diiron 
active site per subunit. 5 
Figure 1.3. Structure of the H4pterin cofactor, 6R-L-erythro-5,6,7,8-
tetrahydrobiopterin, BH4, essential for O2 activation in PheH. 10 
Figure 1.4. Proposed mechanism of PheH. 12 
Figure 1.5. Tertiary structure of cytochrome P450. Inset—heme active site buried 
in the hydrophobic interior of the enzyme. (PDB: 1WOE).   14 
Figure 1.6. Consensus catalytic cycle for Cytochrome P450 and peroxide shunt 
pathway. 15 
Figure 1.7. Active site structures of reduced (left) and oxidized (right) forms of 
sMMO. 17 
Figure 1.8. Proposed catalytic cycle for soluble methane monooxygenase 
(sMMO). 18 
Figure 1.9. Tertiary structure of taurine dioxygenase (TauD). Inset—active site 
with two histidine residues (H255) and (H99) and an aspartic acid 
(D199) carboxylate ligated around the ferrous center. Also shown is 
the bidentate chelation of cofactor, α-ketoglutarate. (PDB: 1GQW).  20 
Figure 1.10. Proposed catalytic cycle of taurine dioxygenase. 21 
Figure 1.11. Left—Structure of the ligand, H4HBamb = 2,3-bis(2-hydroxy-
benzamido)-dimethylbutane. Right—Assembled metal complex 
[Fe2(H2Hbamb)2(NMeIm)2] (NMeIm = N-methylimidazole). 25 
Figure 1.12. Heterolytic/homolytic decomposition pathways of MPPH. 27 
xviii 
Figure 1.13. Proposed mechanism for comproportionation. 28 
Figure 1.14. Left—2-((2-(dimethylamino)ethyl)(methyl)amino)acetic acid (N2O1) 
ligand. Middle—[FeII(N2O1)(H2O)3]
+ complex with hydrogen atoms 
omitted for clarity. Right—[FeII(N2O1)(α-KG)(H2O)]
- complex with 
α-KG bound with hydrogen atoms omitted for clarity. 31 
Figure 1.15. Electronic absorption spectra of [FeII(N2O1)Cl2]
- and FeIITauD (in 
black) and their respective α-KG adducts (in red). 32 
Figure 1.16. Top—Electronic absorption spectrum of [FeII(N2O1)(α-KG)]
- where 
exposure to O2  facilitates transition of the anaerobic α-KG adduct to 
the diferric μ-oxo as indicated by isosbestic point. Bottom—Dioxygen 
reactivity of 0.5 mM [FeII(N2O1)Cl2(MeOH)]
- (black) and 
[FeII(N2O1)(α-KG)(MeOH)]
+ (red) to form diferric μ-oxo species 
(λmax = 335 nm). 33 
Figure 1.17. Proposed working mechanism of the [FeII(N2O1)]
+ complex with 
methanol as solvent and sacrificial substrate. 36 
Figure 1.18. Balch mechanism 4:1 Fe:O2 stoichiometry; autoxidation of iron 
porphyrins. 38 
Figure 1.19. Left—kinetic rate data collected at -85° C by L. Gregor. Top R—k2 
of the catalytic cycle where O2 attacks Fe
II to form FeIII∙‒superoxide   
species. Bottom R—k3 attack of the Fe
III∙‒superoxide to undergo O ‒ O 
bond cleavage  to form the high valent FeIV-oxo species. α-KAs = α-
ketocarboxylic acids. k' values were employed in thesis work from 
Dr. Lauren Gregor as a means of simplifying terminology in a shift 
from diode array to single wavelength (λ = 625 nm) mode. 39 
Figure 1.20. Left—5-coordinate nonheme iron TauD active site with α-KG bound. 
Right—6-coordinate [FeII(N2O1)(α-KG)(H2O)] with hydrogen atoms 
omitted. 40 
Figure 1.21. Predicted distribution of [FeII(N2O1)(α-KG)(H2O)] complex isomers 
with DFT calculation. 41 
Figure 1. 22. Six isomeric geometries present in homogeneous solution for the 
[FeII(N2O1)(α-KG)H2O] complex. 41 
xix 
Figure 1.23. Left—Methanol to formaldehyde oxidation at various iron 
concentrations with [FeII(N2O1)] velut vivum catalyst as determined 
using the Nash assay.Right—Formaldehyde turnover number and [Fe] 
relationship. Correlation (R2 = 0.9996) between 1/[Fe] and TON 
(inset). 45 
Figure 2.1. Common N-donor ligands that have been used in mononuclear 
nonheme iron model complexes in the literature. 51 
Figure 2.2. Ligand set for substituted tris(2-pyridylmethyl)amine) (TPA) ligand 
and corresponding ferrous benzoyl formate-bound crystal structure. 52 
Figure 2.3. Left to right: benzoyl formate, para-substituted benzoyl formate, 
pyruvate, and α-ketoglutarate. Structures of α-keto acids utilized by in 
mononuclear nonheme iron model complexes in the literature. 56 
Figure 2.4. Tridentate Tp ligand and corresponding ferrous benzoyl formate-
bound complex crystal structure. 57 
Figure 2.5. Left—2-((2-(dimethylamino)ethyl)(methyl)amino)acetic acid (N2O1) 
ligand. Middle—[FeII(N2O1)(H2O)3]
+ complex with hydrogens 
omitted for clarity. Right—[FeII(N2O1)(α-KG)(H2O)]
- complex with 
α-KG bound with hydrogens omitted for clarity. 61 
Figure 2.6. Analogous cofactors to α-ketoglutarate used to probe reactivity and 
perturbation of the electronic absorption spectrum of FeIITauD. 63 
Figure 2.7. para-X benzoyl formate cofactors used in Hammett analysis with 
electron donating or electron withdrawing substituents (EDG/EWG). 64 
Figure 2.8. Proposed rate determining step of attack on C-2 carbon of α-KA and 
subsequent rapid decarboxylation to produce high-valent FeIV-oxo. 65 
Figure 2.9. Hammett plot for decarboxylation of [FeII(N2O1)(p-X BF)] adduct 
complexes. k0 representing p-H BF rate and ksubstituent representing 
EWG/EDG substituent rates. 67 
Figure 2.10. Top pathway proceeds via heterolytic cleavage of the O–O bond to 
generate a high-valent intermediate. Bottom pathway induces 
xx 
homolytic cleavage of the O–O bond to generate hydroxy/alkoxy 
radical to initiate radical-based chemistry. 68 
Figure 2.11. Synthesis of N2O1 ligand and Fe(II) N2O1 complex. 96 
Figure 2.12. Left—Plot of λmax and molar absorptivity values for the anaerobic 
MLCT adduct absorbances. Right—five α-keto acid analogues 
grouped λmax = 491 ‒ 506 nm. Oxalate
(2-) was not included due to the 
strong absorbance background of the tetrabutylammonium 
counterion. 100 
Figure 2.13. Energy difference (ΔE) between the HOMO and LUMO for free ion         
α-KAs. 101 
Figure 2.14. MLCT band electronic absorption spectra in distilled and degassed 
methanol. (Left to right): Oxalate λmax = 360 nm, N,N-
dimethyloxamate λmax = 383 nm, α-KG λmax = 500 nm, 
benzoylformate λmax = 615 nm.  102 
Figure 2.15. Calculated energy difference (ΔE) of free ion α-KAs vs. MLCT 
band absorbances. R2 = 0.8974. All calculations carried out with 
Gaussian '09 (WebMO platform) B3LYP/6-31G(d) with assistance 
from Dr. William Tucker, Ph.D. 103 
Figure 2.16. MO energy level diagram of transitions of d-orbitals of the metal 
center and π* orbitals of the α-KA. 106 
Figure 2.17. Low-temperature near IR magnetic circular dichroism (MCD) data 
from Jeff Babicz of the Solomon Lab. 108 
Figure 2.18. Left—Anaerobic titration of [FeII(N2O1)Cl2(MeOH)]
- with 3-methyl-
2-oxobutyrate sodium salt in MeOH monitored with electronic
absorption spectroscopy. Right—Binding affinity titration data (■)
and simulation (─) for a calculated dissociation constant Kd = 662
μM. 109 
Figure 2.19. MLCT band λmax correlation with the ΔE energy gap for 
[FeII(N2O1)]
+ with various α-ketocarboxylic acids. Blue coloration of 
α-KAs indicates catalysis was observed. Turnover numbers as 
measured with the Nash assay are in parentheses.  114 
xxi 
Figure 2.20. Bond dissociation energies for the representative C ‒ H bonds shown 
for ethylbenzene and 1-phenylethanol. 116 
Figure 2.21. Synthesis of N2O2 and N2O3 ligands, 2-4 and 2-5, and respective 
Fe(II) complexes. 118 
Figure 2.22. Low-temperature stopped-flow (LT-SF) spectra for ferrous N2O1, 
N2O2, and N2O3 complexes in distilled and degassed methanol at -85 
°C with oxygen atom donor, p-CN-DMANO. [FeII(N2O3)]
- = 1 mM; 
[p-CN-DMANO] = 30 mM. N2O1 and N2O2 data was collected by 
Laura Cunningham. 121 
Figure A. 2.1. 1H-NMR characterization of the N2O1 ligand. 125 
Figure A. 2.2. 13C-NMR characterization of the N2O1 ligand. 126 
Figure A. 2.3. 1H-NMR characterization of the N2O2 ligand. 127 
Figure A. 2.4. 13C-NMR characterization of the N2O2 ligand. 128 
Figure A. 2.5. 1H-NMR characterization of the N2O3 ligand. 129 
Figure A. 2.6. 13C-NMR characterization of the N2O3 ligand. 130 
Figure 3.1. Transition metals as categorized by early transition metals (blue; 
Groups 3-6) often forming stable six-coordinate metal-oxo 
complexes, mid-transition elements (orange; Groups 7-8) having 
reactive and frequently studied Mn+-oxo units, and late transition 
elements (red; Groups 9-12) incapable of forming high valent metal-
oxo six-coordinate species. “Oxo wall” denoted after Group 8. 152 
Figure 3.2. Bis(salicylidene)ethylenediamine (salen) cationic ligand. 153 
Figure 3.3. Proposed catalytic cycle by Bryliakov and Talsi as a modified 
Groves’ ‘oxygen rebound cycle’ with an off-cycle inactive divalent 
dimer species 154 
Figure 3.4. Cr(III) ground state electron configuration with an octahedral 
geometry. 171 
xxii 
Figure 3.5. Synthesis of [K][CrIII(EDTA)], 3-2, for use in qualitative 
determination of chromium oxidation states.  172 
Figure 3.6. Synthesis of Cr(III) N2O1 complex, 3-3 (top), Cr(III) N2O2 complex, 
3-4 (middle), and Cr(III) N2O3 complex, 3-5 (bottom). 174 
Figure 3.7. Tetrabutylammonium tetrachloroferrate(III) as precursor for Fe(III) 
complexes. 175 
Figure 3.8. Synthesis of Fe(III) N2O1 complex, 3-8 (top), Fe(III) N2O2 complex, 
3-9 (middle), and Fe(III) N2O3 complex, 3-10 (bottom). 176 
Figure 3.9. Stacked FT-IR spectra of Cr(III) complexes noting the strong 
asymmetric stretch at a higher wavenumber and a less defined 
symmetric stretch < 1400 cm-1. CrIII(N2O1), 3-3 (top), Cr
III(N2O2), 3-4 
(middle), CrIII(N2O3), 3-5 (bottom). 178 
Figure 3.10. Anaerobic electronic absorption spectra overlay of (─̶─) CrIII(N2O1), 
3-3, with λmax values at 420 nm and 580 nm;  (- - -) CrIII(N2O3), 3-5,
with λmax values at 391 nm and 557 nm. 180 
Figure 3.11. Titration of CrIII(N2O1), 3-3, with 5 equiv. of oxygen atom donor, p-
CN-DMANO with dark lines indicating beginning of titration. Growth 
of shoulder at λ = 350 nm and presence of isosbestic point at 375 nm. 
Inset—decrease in peaks at 420 nm and 580 nm. 182 
Figure 3.12. Graphical representation of the trends associated with chromium, 
iron, and manganese II/III redox couples spanning -2.0 ‒ +2.0 V. 183 
Figure 3.13. (Left)—An overlay of cyclic voltammograms of CrIII/II(N2O2) in 
distilled and degassed DMSO with 0.1 M TBATFB electrolyte 
referenced to a Fc/Fc+ redox couple; 1200 mV/sec scan rate, +400 mV 
‒ -1200 mV. (─̶─) CrIII(N2O2) outside of the glovebox and (- - -) 
CrIII(N2O2) inside of the glovebox. (Right)—Cr
III(N2O2) outside of the 
glovebox with 400 mV/sec scan rate, +400 ‒ -2200 mV. 185 
Figure 3.14. (Left)—Data for varying scan rate and peak-to-peak separation 
(ΔEp). (Right)—Cyclic voltammogram of Cr
III(N2O2), 3-4, in distilled 
and degassed DMSO with 0.1 M tetrabutylammonium 
tetrafluoroborate (TBATFB) electrolyte. Quasi-reversible behavior 
xxiii 
was observed over the span of 700 mV/sec scan rate. All peaks 
referenced to a Fc/Fc+ couple and normalized to normal hydrogen 
electrode potential. 186 
Figure 3.15. Synthesis of CrIII(linker-N2O1) catalyst, 3-11, for use in attachment to 
the azide functionalized resin via copper(I) catalyzed azide-alkyne 
cycloaddition (CuAAC) click reaction.  190 
Figure 3.16. Top—IR spectrum of CrCl2 starting material. Middle—IR spectrum of 
linker-N2O1 ligand, 4-20. Bottom—solution IR spectrum of Cr
III(linker-
N2O1) complex, 3-11. 191 
Figure A. 3.1. Electronic absorption spectrum of 3-7, tetraethylammonium 
tetrachloroferrate (III), [FeCl4][NEt4]. 196 
Figure A. 3.2. Overlay of electronic absorption spectra of ferrous complexes, 2-3, 
[P.S.][FeII(N2O1)Cl2(MeOH)], 2-6, [Fe
II(N2O2)Cl(MeOH)], and 2-9, 
[Na][FeII(N2O3)(MeOH)]. 197 
Figure A. 3.3. Overlay of electronic absorption spectra of ferric complexes, 3-8, 
[P.S.][FeIII(N2O1)Cl3], 3-9, [NEt4][Fe
III(N2O2)Cl2], and 3-10, 
[NEt4][Fe
III(N2O3)Cl]. 198 
Figure A. 3.4. FT-IR spectrum of 2-2, 2-((2-
(dimethylamino)ethyl)(methyl)amino)acetic acid, N2O1 ligand. 199 
Figure A. 3.5. FT-IR spectrum of 2-5, 2,2'-(ethane-1,2-
diylbis(methylazanediyl))diacetic acid, N2O2 ligand. 200 
Figure A. 3.6. FT-IR spectrum of 2-8, 2,2'-((2-((carboxymethyl)(methyl)amino)-
ethyl)azanediyl)diacetic acid, N2O3 ligand. 201 
Figure A. 3.7. FT-IR spectrum of 2-3, [P.S.][FeII(N2O1)Cl2(MeOH)]. 202 
Figure A. 3.8. FT-IR spectrum of 2-6, [FeII(N2O2)(MeOH)2]. 203 
Figure A. 3.9. FT-IR spectrum of 2-9, [Na][FeII(N2O3)(MeOH)]. 204 
Figure A. 3.10. FT-IR spectrum of 3-8, [P.S.][FeIII(N2O1)Cl3]. 205 
xxiv 
Figure A. 3.11. FT-IR spectrum of 3-9, [NEt4][Fe
III(N2O2)Cl2]. 206 
Figure A. 3.12. FT-IR spectrum of 3-10, [NEt4][Fe
III(N2O3)Cl]. 207 
Figure A. 3.13. Cyclic voltammogram overlay of ferrous N2O1 (2-3), N2O2 (2-6), 
and N2O3 (2-9) complexes. All data was recorded with an internal Fc/Fc
+ 
standard then referenced to a normal hydrogen electrode (NHE) potential. 
0.1 M tetrabutylammonium tetrafluoroborate electrolyte in  degassed and 
distilled DMSO in an N2 atmosphere.  208 
Figure A. 3.14. Cyclic voltammogram overlay of ferric N2O1 (3-8), N2O2 (3-9), 
and N2O3 (3-10) complexes. All data was recorded with an internal Fc/Fc
+ 
standard then referenced to a normal hydrogen electrode (NHE) potential. 
0.1 M tetrabutylammonium tetrafluoroborate electrolyte in  degassed and 
distilled DMSO in an N2 atmosphere.  209 
Figure A. 3.15. Cyclic voltammogram overlay of (─̶─) CrIII(N2O1) E1/2 = -705 
mV and (- - -) CrIII(N2O2) E1/2 = -643 mV. All data was recorded 
with an internal Fc/Fc+ standard then referenced to a normal hydrogen 
electrode (NHE) potential. 0.1 M tetrabutylammonium tetrafluoroborate 
electrolyte in degassed and distilled DMSO in an N2 atmosphere. 210 
Figure 4.1. Classification of catalysts. 212 
Figure 4.2. Tethering small-molecule complexes to a solid support would 
produce a heterogenized homogeneous catalyst to control self-
inactivation pathway. 214 
Figure 4.3. Top—N2O1py ligand preparation. Bottom—N2O1py ligand to form 
[P.S.][FeII(N2O1py)Cl2(MeOH)]. 216 
Figure 4.4. Left—Dioxygen reactivity of 0.5 mM ferrous N2O1 complex with α-
KG (red trace) and without α-KG (black trace) to form diferric μ-oxo 
species. Dioxygen reactivity of 1.0 mM ferrous N2O1py complex with 
α-KG (red trace) and without α-KG (black trace) to form diferric μ-
oxo species (λmax = 335 nm). 217 
Figure 4.5. First-generation N2O1 linker ligand (N2O1py-alkyne) synthesis. 219 
xxv 
Figure 4.6. Top—Metalation first-generation N2O1 linker ligand (N2O1py-alkyne) 
to form [P.S.][FeII(N2O1py-alkyne)Cl2(MeOH)]. Bottom—
Functionalization of the chloromethyl MPR to an azide linker for 
copper ‘click’ chemistry with the alkyne tail to produce the 
MPR[FeII(N2O1py-alkyne)Cl2(MeOH)] complex.   221 
Figure 4.7. Top—redesigned second-generation linker N2O1 ligand synthesis. 
Bottom—metalation of second-generation linker N2O1 ligand to form 
[P.S.][FeII(linker N2O1)Cl2(MeOH)]. 224 
Figure 4.8. Second-generation linker N2O1 linker ligand iron complex attached to 
macroporous aminomethylpolystyrene (MPPS) resin. 225 
Figure 4.9. Second-generation linker N2O1 linker ligand iron complex attached to 
immobilization chloromethyl-functionalized macroporous Merrifield 
polystyrene resin. 227 
Figure 4.10. Second-generation linker N2O1 linker ligand iron complex attached 
to immobilization chloropropyl-functionalized SiO2 resin. 228 
Figure 4.11. Scanning electron microscope (SEM) image of prepared mesoporous 
silica nanoparticles from Nandiyanto 229 
Figure 4.12. Second-generation N2O1 linker ligand attached to methyl capped 
SBA-15 resin, MeSBA-15. 230 
Figure 4.13. Atomic emission spectroscopy standard curve for determination of 
low loading resins. 231 
Figure 4.14. Top: Left—first-generation N2O1 linker ligand, Middle—parent N2O1 
ligand, Right—second-generation N2O1 linker ligand. Bottom: Left—
first-generation N2O1 linker ligand complex, Middle—N2O1 complex. 
Right—second-generation N2O1 linker ligand complex. 251 
Figure 4.15. Top—KBr pellet IR spectrum of the SBA-15 resin starting material. 
Middle—solution IR spectrum of the 1-azido-4-
(bromomethyl)benzene. Bottom—KBr pellet IR spectrum of SBA-15 
resin with ≈ 6.00 mmol azide/g resin. 254 
xxvi 
Figure 4.16. Methanol to formaldehyde oxidation at various iron concentrations 
on MeSBA-15 resins as determined using the NASH assay. 
Correlation (R2 = 0.974) between 1/[Fe] and TON (inset). 255 
Figure 4.17. Top—preparation of trifyl azide. Bottom—Transfer of trifyl azide to 
primary amine on CPG to prepare surface for ‘click’ reaction. 258 
Figure 4.18. Successful linker N2O1 ligand synthesis (top). Proposed linker N2O2 
(middle) and linker N2O3 (bottom) ligand syntheses. 261 
Figure 4.19. Two-step synthesis of aryl-substituted alkynyl linker tail, 4-45. 263 
Figure 4.20. Top—Successful linker-N2O1 ligand synthesis. Bottom—Proposed 
linker-N2O2 and linker-N2O3 ligand syntheses. 264 
Figure 4.21. Synthesis of linker N2O2 ligand. 265 
Figure 4.22. 1H-NMR characterization (top) and 13C-NMR characterization 
(bottom) showing presence of BHT signals with 4-5. 267 
Figure 4.23. Synthesis of linker N2O3 ligand.  268 
Figure A. 4.1. 1H-NMR characterization of 4-1. 273 
Figure A. 4.2. 13C-NMR characterization of 4-1. 274 
Figure A. 4.3. 1H-NMR characterization of linker N2O1. 275 
Figure A. 4.4. 13C-NMR characterization of linker N2O1. 276 
Figure A. 4.5. gCOSY characterization of linker N2O1. 277 
Figure A. 4.6. gHSQCAD characterization of linker N2O1. 278 
Figure A. 4.7. 1H-NMR characterization of 4-2. 279 
Figure A. 4.8. 13C-NMR characterization of 4-2. 280 
xxvii 
Figure A. 4.9. gCOSY characterization of 4-2. 281 
Figure A. 4.10. gHSQCAD characterization of 4-2. 282 
Figure A. 4.11. 1H-NMR characterization 4-3. 283 
Figure A. 4.12. 13C-NMR characterization 4-3. 284 
Figure A. 4.13. gCOSY characterization 4-3. 285 
Figure A. 4.14. gHSQCAD characterization 4-3. 286 
Figure A. 4.15. 1H-NMR characterization of 4-4. 287 
Figure A. 4.16. 13C-NMR characterization of 4-4. 288 
Figure A. 4.17. gCOSY characterization of 4-4. 289 
Figure A. 4.18. gHSQCAD characterization of 4-4. 290 
Figure A 4.19. 1H-NMR characterization of 4-5.  291 
Figure A. 4.20. 13C-NMR characterization of 4-5. 292 
Figure A. 4.21. gCOSY characterization of 4-5. 293 
Figure A. 4.22. gHSQCAD characterization of 4-5. 294 
Figure A. 4.23. 1H-NMR characterization of 4-6. 295 
Figure A. 4.24. 13C-NMR characterization of 4-6. 296 
Figure A. 4.25. gCOSY characterization of 4-6. 297 
Figure A. 4.26. gHSQCAD characterization of 4-6. 298 
Figure A. 4.27. 1H-NMR characterization of 4-7. 299 
xxviii 
Figure A. 4.28. 13C-NMR characterization of 4-7. 300 
Figure A. 4.29. gCOSY characterization of 4-7. 301 
Figure A. 4.30. gCOSY characterization of 4-7. 302 
Figure A. 4.31. 1H-NMR characterization of 4-8. 303 
Figure A. 4.32. 13C-NMR characterization of 4-8. 304 
Figure A. 4.33. gCOSY characterization of 4-8. 305 
Figure A. 4.34. gHSQCAD characterization of 4-8. 306 
Figure A. 4.35. 1H-NMR characterization of linker N2O3 ligand. 307 
Figure A. 4.36. 13C-NMR characterization of linker N2O3 ligand. 308 
Figure A. 4.37. 1H-NMR characterization of (4-azidophenyl)methanol. 309 
Figure A. 4.38. 13C-NMR characterization of (4-azidophenyl)methanol. 310 
Figure A. 4.39. 1H-NMR characterization of 1-azido-4-(bromomethyl)benzene. 311 
Figure A. 4.40. 1H-NMR characterization of 4-
((trimethylsilyl)ethynyl)benzaldehyde. 312 
Figure A. 4.41. 13C-NMR characterization of 4-
((trimethylsilyl)ethynyl)benzaldehyde. 313 
Figure A. 4.42. 1H-NMR characterization of 4-ethynylbenzaldehyde. 314 
Figure A. 4.43. 13C-NMR characterization of 4-ethynylbenzaldehyde. 315 
List of Abbreviations 
[NEt4][OH] Tetraethylammonium hydroxide 
2-OG enzymes 2-oxoglutarate-dependent enzymes
AAAH Aromatic amino acid hydroxylases 
−KG -ketoglutaric acid 
−KAs -ketocarboxylic acids 
BDE Bond dissociation energy 
BF Benzoylformate or phenylglyoxylate 
BHT 2,6-dimethyl-4-tert-butylphenol 
CH3COOH Glacial acetic acid 
CH3NH2 Methylamine 
CPG Controlled poured glass 
CV Cyclic voltammetry 
CYT Cytochrome P450 (see also P450) 
DCM Dichloromethane 
DFT Density functional theory 
DI H2O Deionized water 
DMF N,N-Dimethylformamide 
DMSO Dimethylsulfoxide 
Ea Activation energy 
EDTA Ethylenediaminetetraacetic acid 
EPR Electron paramagnetic resonance spectroscopy 
xxix 
xxx 
Et2O Diethyl ether 
EtOAc Ethyl acetate 
Fe Iron 
FeIV-oxo Iron(IV) species double bonded to an oxygen atom 
GC-FID Gas chromatography flame ionization detection 
GC-MS Gas chromatography mass spectroscopy 
HCl Hydrochloric acid 
H2SO4 Sulfuric acid 
HOMO Highest occupied molecular orbital 
iPrOH Isopropyl alcohol 
IR Infrared spectroscopy 
K2CO3 Potassium carbonate 
LMCT Ligand-to-metal charge transfer 
LUMO Lowest unoccupied molecular orbital 
MCD Magnetic circular dichroism 




MgSO4 Magnesium sulfate 
MLCT Metal-to-ligand charge transfer 
MMO Methane monooxygenase 
xxxi 
MNO Mononuclear nonheme iron oxygenase 
MO Molecular orbital 
MPPH 2-methyl-1-phenylprop-2-yl hydroperoxide




First-generation N2O1 linker ligand 
N2O2 2,2'-(ethane-1,2-diylbis(methylazanediyl))diacetic acid 
N2O3 2,2'-(2-((carboxymethyl)(methyl)amino)ethyl-azanediyl)diacetic acid 
N4Py N,N-bis(2-pyridylmethyl)-bis(2-pyridyl)methylamine 
NaBH4 Sodium borohydride 
NaOMe Sodium methoxide 
NaNO3 Sodium nitrate 
NaSO4 Sodium sulfate 
NHE Normal hydrogen electrode 
nm nanometers 
NMR Nuclear magnetic resonance spectroscopy 
OAD Oxygen atom donor 
OAT Oxygen atom transfer 
P.S. 1,8-Bis(dimethylamino)naphthalene or proton sponge 
p-BF para-substituted benzoylformates 
p-CN-DMANO para-cyanodimethylaniline-N-oxide 
xxxii 
P2O5 Phosphorus pentoxide 
P450 Cytochrome P450 (also see CYT) 
PheH Phenylalanine hydroxylase 
PhIO Iodosylbenzene 
PPAA Phenylperacetic acid 
RRF Relative response factor 
Salen bis(salicylidene)ethylenediamine 
SBA-15 Santa Barbara Amorphorus type resin 
sMMO Soluble methane monooxygenase 





TauD Taurine -ketoglutarate dioxygenase 
TBATFB Tetrabutylammonium tetrafluoroborate 
TEA Triethylamine 
TFA Trifluoroacetic acid 





TOF Turnover frequency 




TPPO Triphenylphosphine oxide 





Chapter 1: The Quest for Controlled O2 Activation and Utilization: Historical 
Journey, Recognition of Chemical Challenges, and an Ultimate Synthetic velut vivum 
Solution from the Caradonna Lab 
 
1.1 Metal-based catalysis (homogeneous and heterogenized homogeneous) 
Homogeneous catalysis is a phenomenon that can be traced from its roots centuries 
ago to today, where it plays a fundamental role in transforming the manufacturing process 
used in advanced synthesis, research, and both bulk and fine chemical production.1–3 The 
development of this concept was documented as early as the late 18th century, where the 
investigation of the catalytic properties of several metals, such as platinum and palladium, 
laid the groundwork for this robust and essential field of science.4 The first Nobel Prize for 
metal-based catalysis was received by F. Wilhelm Ostwald in 1909 and major contributions 
to the field over the next century would garner the investigation of chemical and enzymatic 
catalysis with recognition by the Nobel Foundation 15 times, accounting for 14% of the 
chemistry prize winners.5–7 Laureates on that list include Sabatier, Haber, Fischer and 
Wilkinson, Sharpless, Schrock, and Suzuki, all of whom contributed outstanding 
developments that aided in the production of specialty and fine chemicals, including many 
pharmaceuticals.8–13 
These chemical transformations, involving a metal-based catalyst, account for> 
90% of the manufacturing processes in industry, encompassing oils, agrochemicals, 





made once unobtainable products a reality, a consistent issue is the generation of waste and 
cost of handling the waste products. In a 1992 paper by Roger Sheldon, the phrase ‘E 
Factor’ was coined for the ratio mass of waste/mass of product to assess the 
E(nvironmental) impact of manufacturing processes in different segments of the chemical 
industry.15 His table of E Factors is segmented into four categories encompassing oil 
refining, bulk chemicals, fine chemicals, and pharmaceuticals, all which are measured on 
a product tonnage production level and E Factor (Table 1.1.).   
 





(kg waste/kg product) 
Oil refining 106 ‒ 108 < 0.1  
Bulk chemicals 104 ‒ 106 < 1 ‒ 5 
Fine chemicals 102 ‒ 104 5 ‒ 50 
Pharmaceuticals 10 ‒ 103 25 ‒ 100 
 
To further focus the efforts of chemists towards these processes, the 12 Principles 
of Green Chemistry were published by Paul Anastas and John Warner as checklist of ways 
to reduce both the environmental impact and the potential negative health effects of 
chemical synthesis.17 Central to the dogma of green chemistry is the use of (preferably 
renewable) catalysts, either homogeneous or heterogeneous in nature, to enable higher 
atom economies. Atom economy (AE) as defined by Trost in the early 1990s, is a useful 
tool for rapid evaluation of the amount of waste generated in any synthesis.18 Atom 
economies and E factors are the oldest green metrics to discuss progress of sustainability 





suggested that transition metal-catalyzed methods, capable of highly selective (chemio-, 
regio-, and enantio-) transformations represented a fundamental starting point for the long 
term goal of green chemistry. The past two decades have seen the concepts of green 
chemistry and sustainable development become a strategic focus in both industrial and 
academic sectors where sustainability is the common goal and green chemistry is a means 
to achieve it.20 This discussion will focus on efforts to develop green laboratory oxidative 
methods, a necessary first step prior to any efforts to assess their roles in industrial scale 
processes. A long-standing goal of the Caradonna lab is to develop non-toxic catalysts, 
preferably that utilize O2 as an oxidant and non-toxic/less toxic solvents for homogeneous 
reactions (useful in pharmaceutical production with high E factors) and ultimately 
heterogeneous catalysis, for the industrial production on ton scale conversions.21 
Current methods geared toward activating small molecule feedstocks typically 
utilize pathways that are entropically driven, needing high temperature (and high pressure) 
to overcome the enthalpically unfavorable process. Theoretical studies on the activation 
energy, Ea, for oxidation of methane by O2 estimate this process to be ~60 kcal/mol, as a 
massive thermodynamic barrier.22 The production of ammonia, with the successful large-
scale synthesis from atmospheric nitrogen and hydrogen over an iron-based catalyst, needs 
pressures up to 98 atm and temperatures between 400 ‒ 500 °C.23 Similarly, methanol, for 
which the demand reached 75 million metric tons in 2015, is produced via a reaction of 
carbon monoxide and hydrogen gas over a mixed copper/zinc oxide on an alumina catalyst 





and heterogeneous, is great and the challenges facing the design of controlled O2-activating 
catalysts will be discussed herein. 
1.2 Metallobiomolecules 
Natural products containing one or more metallic elements are classified as 
metallobiomolecules, which over billions of years have evolved to perform hydrolysis, 
isomerization, photo redox, metal storage, transport, and small molecule activation (CO2, 
CO, NO, NO2, N2, H2 CH4, H2O, and O2). (Figure 1.1.).
26–28 The active sites responsible 
for this chemistry contain metals such as copper,29 manganese,30 and iron,31 all of which 
are inexpensive and abundant metals available for catalyst design. 
 
 
Figure 1.1. Classification of metallobiomolecules including on iron-based oxygenases in 





While the functions and chemistry of metallobiomolecules are vast, the focus of 
this thesis will be small molecule activation (O2) by iron-based systems as iron is an 
abundant element in the metabolism of most living organisms and is essential in hundreds 
of proteins and enzymes (Figure 1.1). A subset of the global family of iron enzymes are 
the oxido-reductases, namely the iron containing oxygenases, that are able to activate 
dioxygen. The iron oxygenase family can be divided further into two sub-categories: heme 
and non-heme iron oxygenases. One such binuclear non-heme iron oxygenase, soluble 
methane monooxygenase (sMMO), has evolved with such specificity as to be able to 
activate dioxygen deep in the protein’s interior and provides a remarkable example of 
biologically mediated alkane hydroxylation of methane to methanol (Figure 1.2.). Notably, 
the controlled O2-coupled catalytic conversion occurs at ambient temperature and pressure 
at a binuclear non-heme iron active site without further oxidation of methanol to more 
oxidized species.32  
 
Figure 1.2. Buried active sites of sMMO (PDB: 1MTY) with one reactive diiron active 





In contrast to the current synthetic route for catalytic methane conversion, the 
ability of sMMO to activate the inert C ‒ H bonds of methane (BDECH4 = 105.0 kcal/mol) 
without harsh conditions or unnecessary waste, has captivated the research interest of many 
over the past 40 years.33 Enzymes have been used in industry on a large scale for areas of 
diagnostic reagents and health industries, but expression of recombinant oxygenases lacks 
generally applicable technologies.34 The field of bioinorganic chemistry seeks to design 
and prepare synthetic analogues of the active sites of metalloenzymes in terms of ligand 
scaffold and oxidation states in which the examination of model chemistry tells you what 
can happen, not necessarily what does happen, in an enzyme active site. Studying the 
chemistry of O2 activation in oxygenases that perform such challenging transformations at 
ambient temperature and pressure is of particular interest to furthering the field of green 
chemistry, which has driven the research of the Caradonna lab over the last 30 years 
towards a biomimetic, small-molecule catalyst capable of this feat.  
 
1.3 Importance of O2 activation 
An extensive literature discussion of O2 activation via mononuclear non-heme iron-
based model complexes is given in Chapter 2, Section 2.1. Parsing through the existing 
systems gives the appearance that the biomimetic analogues are designed as active sites 
based on their coordination numbers and nature of the ligand donor atoms. However, a 
common feature of these systems is that they have been ineffective in emulating the 
chemistry of the naturally occurring enzyme.35–38 Although many of these complexes 





complexes suffer from multiple, uncontrolled reactions when mixed with dioxygen.39–49 
Others, deemed ‘synthetically successful’, reported catalysis with activated oxygen 
reagents (i.e. peroxide, peracids, oxygen atom donor (OAD) molecules, etc.) but showed 
characteristics of freely diffusing oxygen-based radical chemistry. Furthermore, the 
replacement of molecular oxygen with activated oxygen sources defeats the green 
chemistry initiatives as they are expensive and/or potentially unstable reagents.45,50–54 
Room temperature uncatalyzed O2 activation is a well-known challenge due to the 
triplet ground state of molecular oxygen (S = 1), with two unpaired electrons, as predicted 
by molecular orbital theory. Thus, the large activation energy barrier of the forbidden 
triplet-to-singlet spin flip of ~22 kcal/mol must be overcome before a reaction with singlet 
substrates is feasible.55,56 In the presence of a redox active metal catalyst, however, a 
thermodynamically-favored pathway, involving one-electron reduction of O2 and 
subsequent radical-based chemical pathways, dominates reactivity.57 The challenge also 
includes the fact that reductants, that are required for the reduction of the metal center can 
also directly reduce molecular oxygen, which only enhances the unwanted background 
radical pathway.  
 Translating metalloenzyme chemistry into model chemistry—where many 
deficiencies were originally touted as benefits—has unequivocally shown why an enzyme 
is better designed to perform the controlled activation of O2 and couple it to catalytic 
substrate oxidation. With the metal center buried deep in the active site of an enzyme, the 





active site. A phenomenon that the biochemist Judith P. Klinman describes as  “the 
hierarchy of thermodynamically equilibrated motions that control active site electrostatics, 
creating an ensemble of conformations suitable for H-tunneling” linking protein dynamics 
and enzyme catalysis.58 Metal-centers ligated with small molecule ligands in homogeneous 
catalysis lack the protein dynamics to gate the flow of protons and/or electrons to preclude 
the possibility of radical chemistry and ligand degredation. This structural difference 
likewise makes the biomimetic analogue difficult to control product distribution and 
selectivity, frequently observed with the over-oxidation of substrates due to long residence 
time of the substrate and product, called small molecule saturation. Unlike the secondary 
sphere residues in an enzyme, positioned for assisting and modulating the chemistry by the 
global folding energy of the protein, the small-molecule metal complexes are heavily 
influenced by thermodynamic preferences of the metal center. The homogeneous nature of 
biomimetic catalysts is often plagued by dimerization and oligmerization with the inability 
to control the reactive intermediate species. The protein matrix dynamics of an enzyme 
direct only selected and differentiated chemical pathways from all possible pathways 
whereas a model is far more likely to experience metal-centered chemistry. The fast, 
concomitant dynamic excursions of the tertiary structure are proposed to facilitate progress 
past transition states of the enzyme and the substrate binding energy facilitates catalysis by 
altering the Ea of the rate determining step (RDS).
59 Finally, the control of the active site 
chemical environment precludes potential interception of reactive intermediates, which is 





small-molecule catalyst to activate O2 at ambient temperature and pressures has remained 
unknown for as long as it has.  
 Nature, on the other hand, utilizes four general metal-assisted enzymatic pathways 
to activate O2 (Table 1.2.), representatives of which are shown. The following discussion 
of phenylalanine hydroxylase (PheH), cytochrome P450 (P450), sMMO, and taurine 
dioxygenase (TauD), will briefly include the latest proposed catalytic cycles of these 
classes of enzymes and focus on the O2 activating step to parse the fine differences of the 
four pathways for O2 activation.   
 























 The lessons learned from studying O2 activation from these four systems have 
been used as the impetus to push the Caradonna lab’s work toward a synthetic analogue of 
the mononuclear cofactor bound O2 activating pathway.  Studying the formation of these 
iron-based oxidants will provide a glimpse into the array of diverse chemical reactions, 
some of which are the most difficult transformations in nature, that all utilize some motif 
of Fe-O2 adducts.  
 
1.4 Mononuclear cofactor mediation—H4pterin-dependent hydroxylases (AAAH): 
phenylalanine hydroxylase (PheH) 
The aromatic amino acid hydroxylase (AAAH) enzymes are a subset of the 
tetrahydrobioH4pterin (BH4)-dependent enzymes involved in metabolic and biosynthetic 
pathways. The H4pterin cofactor has been found to be essential in phenylalanine 
hydroxylase as it provides the necessary reducing equivalents required for catalysis and O2 
activation by coupling the oxidation of the H4pterin cofactor to the hydroxylation of an 
organic substrate (Figure 1.3.).60  
 
Figure 1.3. Structure of the H4pterin cofactor, 6R-L-erythro-5,6,7,8-tetrahydrobiopterin, 






One of the better studied AAAH enzymes is phenylalanine hydroxylase (PheH). 
The mononuclear ferrous active site is found within the catalytic domain of PheH and is 
shown to be coordinated by the 2-histidine-1-carboxylate coordination motif, with His285, 
His290 and Glu286 bound.61 An additional Glu330 has been observed in crystal structures, 
coordinated in a bidentate fashion (in human PheH) and the final open site is occupied by 
a labile water molecule.62 There are three different binding sites in the enzyme that are 
important to understanding the working mechanism, 1) the binding of the H4pterin 
coenzyme in the cofactor binding site, 2) the binding site of one equivalent of L-Phe, 
positioned in the substrate site for hydroxylation, and 3) another equivalent of L-Phe in the 
allosteric site required for enzyme activation.60 Although the exact position of the allosteric 
binding site and the active site orientation of both L-Phe and H4pterin have yet to be 
unambiguously determined via X-ray crystallography, it is clear that all three are required 
for activation of the enzyme and its reaction with dioxygen (Figure 1.4.). L-Phe, the 
substrate-dependent allosteric effector, at high concentrations, induces a highly 
cooperative structural change of PheH (denoted T → R) to reorient the reduced H4pterin 






Figure 1.4. Proposed mechanism of PheH. Adapted from Fusetti.65 
 
Variable-temperature, variable-field magnetic circular dichroism (VTVH-MCD)  
and X-ray absorption spectroscopy (XAS) studies showed a shift from a 6-coordinate to a 
5-coordinate square pyramidal geometry upon allosteric activation of ferrous PheH in the 
presence of high concentrations of both L-Phe and a redox inactive coenzyme analogue, 5-
deaza-6-methyl-H4pterin.
63 The introduction of O2 is proposed to result in an Fe(II)-μ-
peroxyH4pterin species that forms upon loss of a labile water molecule. Two mechanisms 





superoxide species with two subsequent electron transfers from the H4pterin coenzyme to 
form the putative intermediate, and the other a direct reaction of O2 with the H4pterin itself, 
however the second possibility is unlikely because of the differing spin states of molecular 
oxygen and H4pterin coenzyme, as discussed in Section 1.3.  
This unique mechanism, with the outer sphere perturbation of the protein matrix 
after allosteric activation with L-Phe and presence of substrate, provides control of O2 
activation and prevents catalysis until all requisite molecules have bound to the cavities in 
the active site. Heterolytic cleavage of the O ‒ O bond forms the reactive intermediate, the 
FeIV-oxo species, which has been spectroscopically characterized, and a hydroxylated 
H4pterin cofactor.
66 Electronic absorption and nuclear magnetic resonance (NMR) 
spectroscopies have been used with 18O2-labeled studies to confirm the incorporation of 
the oxygen atom from O2 in both the L-Tyr oxidized substrate and the BH3OH oxidized 
coenzyme.67,68 It is proposed that the FeIV-oxo species attacks the aromatic ring of 
phenylalanine to form an arene oxide that undergoes the NIH or 1,2-hydroxide shift and 
tautomerizes to the final hydroxylated product, tyrosine (L-Tyr).69 PheH makes use of 
allosterism to control the initiation of its commitment to catalysis, which is the first of four 
methods nature utilizes to activate O2. 
 
1.5 Mononuclear direct reaction—P450 
The chemistry of the superfamily of cytochrome P450 enzymes (CYP) has been 
identified in all kingdoms of life, constituting a large and vital role in oxidative 





bound derivatives peaks near 450 nm.72 Although the range of reactions catalyzed by CYP 
enzymes spans epoxidation, dehalogenation, deamination, and oxidative C ‒ C bond 
cleavage, the general catalytic cycle and focus of this discussion is on P450s as oxidase 
enzymes exclusively. Differing drastically from the other three classes of O2 activation 
pathways, CYP enzymes are heme groups embedded within the hydrophobic pocket of the 
enzyme active site with rigid porphyrin-based scaffolds and an axial cystine ligand (Figure 
1.5.).73 
 
Figure 1.5. Tertiary structure of cytochrome P450. Inset—heme active site buried in the 
hydrophobic interior of the enzyme. (PDB: 1WOE).   
 
Electron transport proteins are responsible for the electrons derived from NAD(P)H 
that are shuttled to the heme group frequently by flavin groups with an iron-sulfur cluster. 
The catalytic cycle begins with the resting site of the heme protein, an octahedral ferrous 
metal-center with axial ligands of water (in the absence of substrate) and cysteine (Figure 
1.6.). The substrate binds near the heme group, opposite the thiol-based ligation, causing a 





displacement of the iron atom below the plane of the heme (from 0.30 Å to 0.44 Å).70,74 
Accompanying all of these changes is an decrease in the reduction potential from 300 mV 
to -173 mV vs. NHE, which serves as the commitment to catalysis by triggering a transfer 
of an electron from the flavoprotein to the heme center. Molecular oxygen binds to the 
distal axial coordination position of the now, high-spin ferrous center, initiating the 
activation of O2 and forming an Fe-O2 adduct. The Fe adduct lacks definitive spectroscopic 
studies as it is EPR silent, and computational methods and Mössbauer splitting parameters 
are inconclusive.75  
 
Figure 1.6. Consensus catalytic cycle for Cytochrome P450 and peroxide shunt pathway. 






A second electron from ferredoxins or cytochrome P450 reductase reduces the Fe-
O2 superoxo moiety to produce a highly debated short-lived peroxo state. Upon rapid 
protonation and loss of a water ligand, the highly reactive FeIV radical cation porphyrin, 
called Compound I, is formed. Characterization of this species has been facilitated by the 
comparative Mössbauer, EPR, and X-ray absorption spectroscopies with the high-valent 
intermediate for horseradish peroxidase.76–78 Alternatives to the sequential shuttling of 
electrons are the one- and two-electron pathways of the peroxide and oxygen atom donor 
(OAD) shunts, respectively (Figure 1.6.)79. The cytochrome P450 chemistry differs greatly 
in structure as compared with the non-heme catalytic systems for activating O2, however 
the formation of a high-valent, potent oxidative catalyst is a similar theme in the processes 
by which the enzymes show incredible control over the commitment to catalysis. 
 
1.6 Binuclear direct reaction—sMMO 
Soluble methane monooxygenase (sMMO), mentioned previously in Section 1.2, 
is responsible for the biological alkane hydroxylation of methane to methanol coupled to 
O2 reduction and is among the more heavily studied binuclear non-heme iron enzymes.
32,80 
The active site structures of sMMO in the reduced (MMOHred) and oxidized (MMOHox) 
forms of this enzyme are shown at the top of the proposed catalytic cycle (Figure 1.8.). 
The ferric centers of the resting state of the enzyme (MMOHox) have a pseudo-octahedral 
geometry with each iron center coordinated by two histidine, four glutamate ligands, and 
solvent molecules.81 Reductase reacts with NADH allowing electrons to shuttle in and 





carboxylate shift in changing from terminal ligation to bridging.82 These carboxylate shifts 
are proposed to exert mechanistic control of the number of open coordination sites on the 
iron centers (Figure 1.7.).  
 
 
Figure 1.7. Active site structures of reduced (left) and oxidized (right) forms of sMMO. 






Figure 1.8. Proposed catalytic cycle for soluble methane monooxygenase (sMMO). 
Adapted from Lippard et al.83 
 
Upon exposure to O2, an undefined species, Compound O is formed before a 
rearrangement to the first intermediate trapped to date, Compound P. This species is 
believed to be a diferric peroxo moiety bound to the iron centers, from rapid freeze-quench 
Mӧssbauer studies.84,85 Upon the two-electron heterolytic cleavage of the O ‒ O bond of 





kinetic studies have been used to probe the mechanism of sMMO however, there is still 
dissent in the field regarding the nature of the active species, termed Compound Q (Figure 
1.8.).83,86,87 It is known that in the absence of substrate that Compound Q, assigned as a 
diferryl-di-µ-oxo species, also called the “diamond core”, (located above the two species 
shown with high-valent metal-oxo species) is present.84,88,89 However, it has yet to be 
shown that this spectroscopically characterized intermediate is kinetically competent to 
oxidize methane to methanol during the catalytic cycle of sMMO.90,91 
 
1.7 Mononuclear cofactor bound—2-oxoglutarate-dependent dioxygenases: taurine 
dioxygenase (TauD) 
The fourth enzymatic process for O2 activation entails the use of a cofactor-bound 
to the iron center as a sacrificial reductant in dioxygen reactivity. The mononuclear non-
heme iron enzyme, taurine dioxygenase (TauD) is expressed by bacteria E. coli only under 
conditions of sulfate starvation when taurine is utilized as a sulfur source for requisite 
metabolic pathways.92,93 This class of enzymes is referred to as 2-oxoglutarate dependent 
dioxygenases (2-OG) that have a fac-coordinated 2-histidine-1-carboxylate motif, where 
TauD is known to coordinate an α-ketoglutarate (α-KG) cofactor in a bidentate chelation 






Figure 1.9. Tertiary structure of taurine dioxygenase (TauD). Inset—active site with two 
histidine residues (H255) and (H99) and an aspartic acid (D199) carboxylate ligated around 
the ferrous center. Also shown is the bidentate chelation of cofactor, α-ketoglutarate. (PDB: 
1GQW).  
 
The current proposed mechanism of this enzyme is based on a wealth of both 
spectroscopic and computational studies where the purpose of α-KG is to provide two 
reducing equivalents when combined with ferrous iron to activate O2, forming a high-
valent metal-oxo species  (Figure 1.10.).92,94–96 The resting state of the enzyme, a ferrous 
species with three water molecules ligated to the labile, high-spin Fe(II) metal-center, has 
been characterized by magnetic circular dichroism (MCD) as well as Mössbauer 
spectroscopies.97,98 Variable-field variable-temperature MCD data demonstrate that upon 
addition of α-KG, which binds to the iron center in a bidentate fashion, an anaerobic adduct 







Figure 1.10. Proposed catalytic cycle of taurine dioxygenase. Adapted from Hausinger.93  
 
 Although the proposed catalytic mechanism in Figure 1.10 shows α-KG bound 
to the ferrous center before taurine is introduced, the relative order is one of a few 
intricacies of the mechanism of TauD that has not been unambiguously determined. TauD 
experiences self-hydroxylation of a tyrosine residue in the presence of α-KG and dioxygen 
without substrate present but the sensitivity of the enzyme to O2 with the cofactor bound 
increases several thousand-fold.99–101 Upon exposure to dioxygen, the one electron 
reduction of dioxygen by the ferrous center is proposed to form a FeIII-superoxide 
species.102 Although this intermediate is commonly proposed in the field of 2-oxoglutarate-
dependent enzymes, it has yet to be spectroscopically or kinetically characterized in these 
enzymes. The subsequent nucleophilic attack at the C-2 carbon of α-ketoglutarate by the 
FeIII superoxide species leads to an FeIV-peroxy bridged species (which has yet to be 





succinate, and the reactive, high-valent FeIV-oxo species. The putative FeIV-oxo species 
was identified by electronic absorption stopped-flow spectroscopy coupled with rapid 
freeze quench Mössbauer and EPR spectroscopies.97,103 Further studies are required to 
characterize intermediates in the catalytic cycle of TauD. The activation of O2 utilizing a 
bound cofactor such as α-ketoglutarate is not only a unique use of a sacrificial reductant, 
but it allows the FeIII∙--superoxide species to form before the O ‒ O bond cleavage and 
decarboxylation of the α-KG. In this manner, the process resembles the hydrogen atom 
donor role in the P450 mechanism. Each of the four methods of activating O2 have provided 
insight towards designing model systems, with each lesson indicating additional chemical 
challenges to overcome in order to design a truly green catalyst capable of activating 
dioxygen at ambient temperature and pressure. 
 
1.8 PheH lessons to inform model systems 
The previous work of the Caradonna lab on the mononuclear non-heme iron 
enzyme PheH has shed light on the highly cooperative allosteric activation of the ferrous 
center from the resting to activated state.63 The homotetrameric PheH needs both high 
concentrations of L-Phe and the presence of the H4pterin cofactor, to reorient the cofactor 
to interact with the 5-coordinate iron center. Although the metal center is sequestered in 
the catalytic domain, the tight coupling of H4pterin oxidation and concomitant substrate 
oxidation allows for an easily defined trigger in commitment to catalysis for this enzyme. 
In contrast to the thermodynamic preferences of a small molecule Fe-based catalyst, the 





peroxides. In the case of model complexes, however, the thermodynamically favored 
pathway of peroxide bond cleavage frequently proceeds via homolytic of the O ‒ O bond 
resulting in subsequent radical-based chemistry. A biomimetic model that can react with 
peroxides would need to proceed through the exclusively two-electron pathway of 
heterolytic cleavage. 
After the dioxygen chemistry of an enzymatic cofactor-mediated O2 activation 
pathway, the reducing equivalents that are provided to the metal center with H4pterin 
regenerate the ferrous active state (with high concentrations of L-Phe). A small molecule 
catalyst, when using dioxygen as an oxidant, requires two electrons to reduce it to the 
peroxide level, and an additional reductant is required to re-reduce the oxidized metal. 
These processes are the basis of Fenton and Fenton-like chemistry that must be considered 
in the design and implementation of a small-molecule catalyst.57,104,105  
 
1.9 Protein design 
The O2 activation pathway modeled on the P450-like enzymes requires sequential 
shuttling of electrons and protons to allow for the controlled heterolytic cleavage of O2 and 
then requires reducing equivalents to regenerate the resting FeII species. Rational protein 
design revolves around a “design cycle” where theory and experiment alternate to test the 
limits and completeness of efficacy in de novo creation of a protein.106,107 Carl Pabo, a 
renowned expert in structure and design of DNA-binding proteins, brought the concept of 





a rational protein design algorithm called DEZYMER, that predicted which protein 
sequences might adopt particular target structures and functions — some of which are new 
to nature.107 The Caradonna lab worked to incorporate a non-heme iron superoxide 
dismutase center into a thioredoxin (Trx), which naturally occurs without a transition metal 
binding site. Electronic absorption spectroscopy as well as reactivity studies were used to 
compare the apo protein Trx-SOD and the metalated species {FeIII}Trx-SOD.109 Catalytic 
activity of dismutation of the superoxide anion indicated that not only was superoxide 
capable of accessing the buried iron SOD center, but it was coupled to the concomitant 
release of H2O2 and O2.  
Not only were they able to incorporate a non-heme iron SOD into thioredoxin, it 
was equally as successful with a high-potential iron-sulfur protein (Hi-PiP) bearing a 
cuboidal [Fe4S4] cluster into the hydrophobic core of thioredoxin.
110 Unique to the Trx 
protein are the two designated metal sites on the opposite side of the central -sheet of the 
protein that are covalently linked by 13 bonds. It was hypothesized that a catalytically 
competent designer monooxygenase could, in principle, be created. The non-heme iron 
SOD site would be utilized for its ability to produce a high-valent oxo, and the [Fe4S4] 
cluster would shuttle of electrons to regenerate the ferrous resting state. Some literature 
precedent exists for these proteins, such as nitric oxide synthase, where a flavin group and 
a P450-heme center are contained within the same complex enzyme, thus capable of acting 





Fundamental to the concept of rational protein design is the ability to fine-tune 
redox and other electronic properties. The commitment to catalysis of P450s is the spin flip 
and subsequent decrease in reduction potential that elegantly triggers the first reduction 
from the flavoprotein. The ability to design catalytically competent metallobiomolecules 
for the controlled activation of O2 is the ultimate green chemistry goal of the lab.  
 
1.10 Caradonna lab binuclear iron system 
The progression to a synthetic analog, especially one mimicking the active site of 
sMMO, was an attractive next goal. Synthesizing a small-molecule catalyst modeling 
biological alkane oxidation could (not necessarily would) also shed light on what could be 
happening in the native enzyme mechanism. The H4HBamb ligand set, in addition to six 
other analogues, was characterized in full and compared to the infrared spectroscopy 
stretching frequencies, electronic absorption MLCT band energies of sMMO (Figure 
1.11.).111–113  
 
Figure 1.11. Left—Structure of the ligand, H4HBamb = 2,3-bis(2-hydroxy-benzamido)-
dimethylbutane. Right—Assembled metal complex [Fe2(H2Hbamb)2(NMeIm)2] (NMeIm 






 The binuclear ferrous core of the [Fe2(H2Hbamb)2(NMeIm)2] catalyst represented 
a plausible model for binuclear non-heme iron oxygenases due to several factors. Utilizing 
the stringent mechanistic probe, 2-methyl-1-phenylprop-2-yl hydroperoxide (MPPH), the 
mode of the O ‒ O bond cleavage of the catalyst was reported to follow an exclusively 
heterolytic cleavage pathway with the production of the sole product, 2-methyl-1-phenyl-
propan-2-ol (Figure 1.12.).114–116 The MPPH probe has been used with prior mononuclear 
non-heme iron model complexes as a means to differentiate whether a catalyst is capable 
of two-electron chemistry. Upon homolysis of the probe, the radical species undergoes β-
scission and rearranges at an extremely quick rate, thus the presence of a multitude of 
radical-based products suggests the chemistry is proceeding through the lower 
thermodynamic process of one-electron oxidation. It was reported that the diferrous 
binuclear model complex was capable of catalytically oxidizing cyclohexane to 
cyclohexanol in excess of 200 turnovers, relative to the iron complex, and cyclohexanone 






Figure 1.12. Heterolytic/homolytic decomposition pathways of MPPH. Adapted from 
Foster.115 
 
 Additional studies using iodosylbenzene as the activated oxygen source and the 
[FeII,FeII], [FeII, FeIII], and [FeIII, FeIII] forms of the dimer , suggested the diferrous catalyst 
was the most efficient binuclear oxidation compound. This system differs from sMMO in 
which the resting oxidized state is [FeIII, FeIII], resulting in two-electron reduced chemistry 
that is observed with the dimer system. However, it was suggested that the presence of at 
least one ferrous site would be necessary for chemistry, so the minimal epoxidation and 
sulfonation observed by the mixed valent dimer can be explained as well.118    
As the original goal was set out to emulate both reactivity as well as electronic 
properties of the enzyme, an investigation into the structural perturbation of the model was 
essential to observe similarities and differences to sMMO. Interestingly, a structural 





in sMMO, the carboxylate shift (Figure 1.7.) and is proposed to serve a role in the 
mechanism of the enzyme.81 A stopped-flow kinetic comproportionation reaction probed 
possible rearrangement by combination of [FeII, FeII] and [FeIII, FeIII] complexes. The 
resulting mixed valent species were present in two equivalents; with no rearrangement 
observed for [FeIII, FeIII] → [FeII, FeIII] and rearrangement observed with [FeII, FeII] → 
[FeII, FeIII]* (Figure 1.13.).114 These data provided evidence for a ‘‘phenolate/amide 
carbonyl (PAC) shift” upon oxidation. Although the rearrangement of sMMO occurs while 
undergoing reduction and the PAC shift occurs while undergoing oxidation, both suggest 
that the redox potential and the structure of the site affect the intricate mechanism.  
 
 






 Even though the chemistry of the binuclear non-heme iron model complex is 
fascinating, the goal has always been catalytic O2 activation, not activated oxygen from 
oxygen atom donor molecules or peroxides. All the lessons that were learned from studying 
the O2 activation pathways showed that each enzyme class has the need for additional 
reducing equivalents to re-establish the resting enzyme state. Without a cofactor-bound, or 
sequential electrons being shuttled to the metal center, the [Fe2(H2Hbamb)2(NMeIm)2] 
catalyst was unable to perform highly-coupled O2 chemistry. Additionally, as mentioned at 
length in Section 1.3, a small, metal-based catalyst in homogeneous solution is heavily 
influenced by thermodynamic preferences of the metal center. The catalyst was unable to 
outcompete the self-inactivation of the proposed terminal-oxo reactive intermediate 
converting via intermolecular collapse to a μ-oxo dimer over 24 h at -196 °C. Interestingly, 
the electronic absorbance spectrum of the intermediate of the dimer system is identical to 
what is reported for sMMO.114,119 It is possible that the Compound Q trapped by rapid 
freeze quench may not be the same as the kinetic Q, where a similar intermolecular collapse 
may be producing the “diamond core”. The abortive process of our dimer may shed light 







1.11 Velut vivum model: Caradonna lab [FeII(N2O1)Cl2(MeOH)]- complex as a 
functional model capable of O2 activation 
The quest for controlled O2 activation throughout the years of the Caradonna lab 
has aimed at the four main pathways in which nature activates dioxygen. These four 
representative enzyme systems demonstrate the vast potential of metallobiomolecules 
when tuned by evolution over billions of years. They also exemplify the challenges that 
are associated with trying to design a biomimetic analogue in less time. A combination of 
structure, temporal control, and electronics are factors that need to be harnessed in a small 
molecule catalyst if it is to successfully activate O2 at ambient temperatures and pressures. 
The insight from each project has led to the development of a simple tripodal mononuclear 
non-heme iron ligand, designed with a 2-histidine-1-carboxylate ‘facial triad’ motif, 
similar to the highly conserved iron center of TauD and other mononuclear non-heme iron 
oxygenases (MNO).92 We present herein an iron-based synthetic analogue, capable of 
utilizing dioxygen to perform velut vivum3 C ‒ H activation at ambient temperatures and 
pressures.  
The [FeII(N2O1)]
- complex, where N2O1 = 2-((2-dimethylamino)ethyl)-




3 Velut vivum translated “as if living” devised by Profs. Loren J. Samons II and Patricia J. Johnson of 
Boston University’s Department of Classical Studies in collaboration with Prof. John P. Caradonna. 
4 GREEN OXIDATION CATALYTIC SYSTEM U.S. Patent No. 10,428,043 B2 issued 





characterized by electrochemistry, IR, and electronic absorbance spectroscopies and 
computationally (DFT) confirmed (Figure 1.14.).117,120–126  
 
Figure 1.14. Left—2-((2-(dimethylamino)ethyl)(methyl)amino)acetic acid (N2O1) ligand. 
Middle—[FeII(N2O1)(H2O)3]
+ complex with hydrogen atoms omitted for clarity. Right—
[FeII(N2O1)(α-KG)(H2O)]
- complex with α-KG bound with hydrogen atoms omitted for 
clarity. Reproduced from Cappillino.124 
 
To date, this system represents the only mononuclear non-heme iron model with 
appreciable catalytic efficiency and controlled O2 activation. The mixed N,N,O-donor 
tridentate ligand set is the first ferrous α-KG-bound adduct whose spectroscopic parameters 
closely align with the active site of TauD (Figure 1.15.).117,120,121,123 A comparation of the 
featureless electronic absorbance spectra for FeIITauD and [FeII(N2O1)Cl2]
- and the α-KG-
bound adducts for FeIITauD (λmax = 530 nm, ε = 140 M
-1cm-1) and [FeII(N2O1)Cl2]





500 nm, ε = 125 M-1cm-1), suggest the closest mimic via electronic structure of the MNO 
active sites to date.94 
  
Figure 1.15. Electronic absorption spectra of [FeII(N2O1)Cl2]
- and FeIITauD (in black) and 
their respective α-KG adducts (in red). 
 
Central to designing a synthetic analogue that can activate O2, was to follow how 
TauD controls the dioxygen activation step. TauD avoids errant hydroxylation and self-
inactivation in two ways: the metal-center’s intrinsic reactivity with O2 (without substrate 
or cofactor around), and its utilization of a stable coenzyme that can under specific 
conditions undergo decarboxylation in a coupled manner.94,96,123,127 The model complex 
and the native enzyme have similar intrinsic reactivity towards O2 in the presence vs. 
absence of the air-stable α-ketoglutarate cofactor. The binding of α-KG was shown to 





as compared with the ferrous complex in the absence of α-KG (Figure 1.16.). This 
reactivity parallels the that of several 2-OG enzymes which have slow natural reactivity 
between ferrous iron and O2 in the absence of α-KG. TauD, in the absence of α-KG cofactor 
is 3,600 times slower to react with O2 (Table 1.3.).
99,100  
 
Figure 1.16. Top—Electronic absorption spectrum of [FeII(N2O1)(α-KG)]
- where exposure 
to O2  facilitates transition of the anaerobic α-KG adduct to the diferric μ-oxo as indicated 
by isosbestic point. Bottom—Dioxygen reactivity of 0.5 mM [FeII(N2O1)Cl2(MeOH)]
- 
(black) and [FeII(N2O1)(α-KG)(MeOH)]
+ (red) to form diferric μ-oxo species (λmax = 335 






Previous research in the lab investigated the relationship between this heightened 
O2 sensitivity in terms of reduction potential. Cyclic voltammetry studies examining the α-
KG adduct produced only a single irreversible oxidative wave so the Eox electrochemical 
data were initially used to probe this relationship (Table 1.3). It was determined 
experimentally and corroborated computationally, that the redox potential was slightly 
decreased, by 80 mV, upon binding of the α-KG.124 However, the shift in redox potential 




Table 1.3. Electrochemical parameters and corresponding dioxygen reactivity of 
[FeII(N2O1)] and Fe
IITauD in the presence and absence of α-KG. 
Iron species Eox (mV)
a O2 reactivity Ref 
[FeII(N2O1)]+ +140 > 6 hr 120 
[FeII(N2O1)]+ + α-KG +60 9497 ± 1000 M-1 s-1 117 
FeIITauD + taurine - ~ 41 M-1 s-1 99 
FeIITauD + α-KG + taurine - 1.5 x 105 M-1 s-1 100 
a Electrochemistry performed in DMSO and referenced with Fc/Fc+ as an external 
standard and reported vs. NHE. Value reported for the oxidation peak. 
 
Instead, the reaction rate of O2 may be driven by the coupling of O2-binding (k2) 
with C-O bond formation from the attack at the C-2 position of the bound α-KG, followed 
by the irreversible decarboxylation of α-KG (k3) as observed in the catalytic figure below 
(Figure 1.17.). This thermodynamically-driven pathway may be aided by the entropically 
favorable formation of gaseous CO2 that may exceed the driving force from an 80 mV 





DFT studies of the native TauD enzyme with the decarboxylation of the FeIII-superoxide 
species to the FeIV-oxo projected to be 41.1 kcal/mol lower in energy.129 
Coupling of an unfavorable process with a slightly enthalpically and entropically 
more favored one has its underpinnings in the basics of biochemistry and thermodynamics. 
Four types of group transfer potentials are found in essential everyday processes: proton-
transfer (acidity), electron-transfer (redox), phosphate group-transfer (high energy bond), 
and decarboxylation coupled group-transfer (CO2 production). The measure of how 
favorable these are as coupling reactions is the change of Gibbs free energy. The oxidation 
of α-ketoglutarate to succinate and CO2, as one example of decarboxylation coupled group-
transfer, has a standard potential of E° = -0.67 V and a calculated change of Gibbs free 
energy of ΔG° = +129 kJ/mol. The magnitude of this transfer potential indicates how 
thermodynamically favorable the process of decarboxylation is and why enzymes may bind 
and reduce O2 so rapidly when coupled to the thermodynamic sink of decarboxylation.
130 
Studies were performed to assess mass balance of the decarboxylation of the α-
ketoglutarate and oxidation of methanol to observe the production of succinic acid and 
formaldehyde. It was determined that for every equivalent of [FeII(N2O1)Cl2]
- in methanol, 
a tightly coupled catalytic oxidative decarboxylation is observed with 4 equivalents of 
succinic acid and formaldehyde produced in 90 seconds, at 1 atm O2 at room temperature 
and monitored via 1H-NMR ([Fe] = 0.1 mM, [α-KG] = 0.5 mM).123 This reaction mirrors 
the oxidative decarboxylation chemistry of FeIITauD where the oxidation of taurine and α-
KG decarboxylation are coupled in a tight 1:1 fashion.94,101,123,127 Although the mechanism 






+ complex and FeIITauD have given some credence to use 
of the TauD mechanism as a template for our proposed mechanism of the model. This 
working catalytic cycle of the complex is modeled after room temperature as well as -85 
°C low-temperature stopped-flow kinetics and mechanistic studies as discussed throughout 
this section (Figure 1.17.).131,132  
 
 
Figure 1.17. Proposed working mechanism of the [FeII(N2O1)]
+ complex with methanol as 
solvent and sacrificial substrate.  
 
Starting from a labile FeII metal center as resting state with solvent molecules 
occupying the 3 cis-sites, an α-ketoglutarate cofactor (or any α-ketocarboxylate) binds in a 





500 nm, ε = 125 M-1cm-1). Calculations predict that loss of H2O produces a square pyramid 
with very little other structural change. The addition of O2 coordinatively saturates the 
metal with a very small relative energy increase (≈ 0.27 kcal/mol), making the FeIII-O 
superoxide species effectively isoenergetic as the five-coordinate ferrous adduct. Although 
this superoxide species has not been trapped due to the extremely rapid rate at which it 
converts to the next species in the proposed cycle, work is underway using substituted α-
ketoacids to affect the build-up of species along the catalytic cycle. The attack on the C-2 
carbon of the α-keto group to form the next postulated intermediate, an FeIV-peroxy-
bridged species, is not able to be fit to the kinetic data by including this as a finite step.117 
As described, the subsequent decarboxylation to produce a high-valent FeIV-oxo species is 
so thermodynamically favorable it drives the chemistry observed expeditiously with a 
turnover number (TON) > 5 per second with this model. Rapid-freeze quench methods 
coupled with low-temperature build-up curves are being employed to trap and characterize 
the high-valent reactive intermediate that is proposed to be an FeIV-oxo species. 
With high metal concentrations, however, the abortive process of dimerization 
(kdimer) occurs to produce a diferric μ-oxo species, identified by a strong absorbance at λmax 
= 335 nm and vibrational stretching frequencies observed with IR spectroscopy. In high 





hydroxide species is proposed with an oxygen-type rebound mechanism, as seen for many 
MNO.133  
Paramount to the chemistry of this small-molecule complex is the tight 1:1 coupling 
of substrate oxidation to cofactor utilization. Dioxygen uptake studies monitoring the 
[FeII(N2O1)]
+ complex in the absence of substrate, observed a 4:1 FeII:O2 stoichiometry.
123 
The 4:1 ratio is reminiscent of the autoxidation of iron porphyrins where this FeII:O2 ratio 
is also observed (Balch mechanism).134 Although crystals of diffraction quality have not 
been isolated yet, there is precedent for the μ-oxo inactivation pathway observed off the 
catalytic cycle. (Figure. 1.18.).134  
 
Figure 1.18. Balch mechanism 4:1 Fe:O2 stoichiometry; autoxidation of iron porphyrins.  
 
 Studies utilizing low-temperature stopped-flow kinetic methods were able to probe 
some of the early expansion of cofactors beyond α-ketoglutarate for the model.117 Focusing 
exclusively on the k2 and k3 rates, it was apparent that the nature of the α-keto acid moiety 
affected both these rates, and, interestingly, the trends were opposite for the k2 and k3 
catalytic steps. p-NH2 benzoylformate showed the largest change from α-KG for both 
processes (Figure 1.19.). It is recommended that the span of cofactors should be 
dramatically increased before drawing conclusions but one possible explanation could be 
that the electronics governing the O2 attack on Fe
II (k2) and the Fe





the C-2 carbon of the α-keto moiety are processes sensitive to perturbations around the 
metal center of the catalyst.  
 
  
Figure 1.19. Left—kinetic rate data collected at -85° C by L. Gregor. Top R—k2 of the 
catalytic cycle where O2 attacks Fe
II to form FeIII∙‒superoxide   species. Bottom R—k3 attack 
of the FeIII∙‒superoxide to undergo O ‒ O bond cleavage  to form the high valent FeIV-oxo 
species. α-KAs = α-ketocarboxylic acids. k' values were employed in thesis work from Dr. 
Lauren Gregor as a means of simplifying terminology in a shift from diode array to single 
wavelength (λ = 625 nm) mode.117 
 
A computational analysis of the small molecule catalyst and the enzyme active site 
allows for an additional method to probe the coordination environment surrounding the 
metal centers of the two catalysts. The facial ligation of the TauD active site is made up of 
two histidine residues, H255 and H99, and an aspartate residue, D199. This triad leaves 
three open coordination sites on the metal center which allows for bidentate binding of α-
KG through the C-1 carboxylate and C-2 carbonyl moieties and taurine binding to 
secondary sphere residues nearby, as well as promoting the loss of a water molecule 
producing the 5-coordinate iron as illustrated in Figure 1.20.95,96,100 In the [FeII(N2O1)]
+ 
complex, a seemingly simple asymmetric fac-N,N,O-donor tridentate ligand occupies three 
α-KA 
cofactor 









p-CN-BF 140 ± 5 60 ± 9 
p-H-BF 240 ± 4 20 ± 1 
p-NH
2
-BF 2700 ± 350 1.0 ± 0.0 





coordination sites and upon the asymmetric bidentate chelation of α-KG, leaves one open 
site, shown in Figure 1.20. as a water molecule on the very labile Fe(II). 
 
Figure 1.20. Left—5-coordinate nonheme iron TauD active site with α-KG bound. Right—
6-coordinate [FeII(N2O1)(α-KG)(H2O)] with hydrogen atoms omitted.
95  
 
 To understand the absolute positioning of the N2O1 ligand and α-ketoglutarate 
cofactor, without the global folding energy of a protein to position ligands, several isomeric 
species and their relative energies were investigated via DFT-based computational studies 
to determine percent speciation (Figure 1.21.).122 Due to the lack of constraint in 
homogeneous solution, the model complex affords a possible six isomers with α-KG 
bound, unlike TauD where the carboxylate group of α-KG forms a salt bridge with a nearby 






Figure 1.21. Predicted distribution of [FeII(N2O1)(α-KG)(H2O)] complex isomers with 
DFT calculation.122 
 
For the [FeII(N2O1)(α-KG)(H2O)] complex, initial DFT simulations predicted two 
dominant species in solution in a ≈ 74:22 distribution for isomers E:C with the additional 
4 conformations (A, B, D, and F) as higher energy and representing < 4% speciation 
(Figure 1.21.).  
 
Figure 1.22. Six isomeric geometries present in homogeneous solution for the 
[FeII(N2O1)(α-KG)H2O] complex. Adapted from McNally.
122 
 
The predicted presence of two dominant species was also observed with simulation 
of EPR spectroscopic data of the [FeII(N2O1)(α-KG)(NO)] adduct with an 80:20 ratio of 
42 
the two most populated species in solution, with < 5 kcal/mol energy difference among the 
6 isomers. The two most populated isomers are the terminal or medial nitrogen of the N2O1 
ligand being trans- to the open binding site, as observed by close inspection of the N2O1 
ligand binding motif in Figure 1.22. Unpublished data from the McCracken lab suggest 
the presence of two species of the TauD—{FeNO}7 analogue in the absence of substrate 
with a distribution of 60:40. However, Neese et al. published data for TauD in the presence 
of substrate, and fit both EPR and Mössbauer parameters to one species.135 This difference 
may be explained by the capability of the enzyme to dictate the positions of ligands in order 
to optimize, direct, or select specific chemical pathways over another.  
Current computational work discussed in Chapter 2 expands the scope of relative 
isomer populations in solution by DFT-simulations with different bidentate α-
ketocarboxylic acids chelated to the metal center. Additionally, isotopic labeling 
experiments of 15N-labeled ligand (central N-center), NO and 17-O-labeled O2, all of which 
have spins that will modulate the EPR spectra, are underway. These experiments will aid 
in understanding which of the isomeric species of the velut vivum [FeII(N2O1)(α-KG)] 








a All reactions performed with 55- 75 mM [α-KG][NEt4] salt with balloon of ultra-high purity O2 and 1-5 M substrate concentration. 
b Formaldehyde product determined by Nash assay, all other products determined by GC/MS. 
c Reaction vial opened to air during the reaction. 
d Presence of radical scavenger in 6 x 104 excess TEMPO = (2,2,6,6-tetramethyl-piperidin-1-yl)oxyl. 
Table 1.4. Summary of reactivity studies of [FeII(N2O1)]+ complex with substrates adapted from Gregor.117 
Substratea BDE (kcal/mol) Oxidant [Fe] (µM) Product
b TON Total TON 
methanol 96 O2 1.0 formaldehyde 285(± 10) 285(± 10) 
cyclooctane 95 
O2 
9.7 cyclooctanol 24(± 4) 32(± 5) cyclooctanone 7.8(± 0.8) 
1.1 cyclooctanol 182(± 17) 244(± 22) cyclooctanone 62(± 5) 
Airc 1.1 cyclooctanol 189(± 5) 253(± 7) cyclooctanone 64(± 2) 
cyclohexene 85 O2 
cyclohexene oxide 132(± 35) 
9.6 2-cyclohexen-1-ol 249(± 22) 451(± 60) 
2-cyclohexen-1-one 70(± 3) 
9.6 + 
TEMPOd 
cyclohexene oxide 53(± 2) 
353(± 27) 2-cyclohexen-1-ol 240(± 19) 
2-cyclohexen-1-one 60(± 6) 
2,4-di-tert-butyl-phenol 83 O2 9.6 biphenol 619(± 77) 619(± 77) 
9,10-dihydroanthracene 78 O2 
anthracene 54(± 16) 
10.1 anthrone 21(± 10) 101(± 32) 





The complex has proven to be successful in activating O2 and oxidizing a wide 
variety of substrates with bond dissociation strengths as high as 96 kcal/mol.33 Table 1.4 
provides an overview of substrates and the catalytic efficiencies of the [FeII(N2O1)(α-KG)] 
complex when reacting with O2 at ambient temperature and pressure.
117 Important to note 
is the reactivity of cyclohexene where an excess of 104 molar equivalents (per Fe) of the 
radical scavenger TEMPO or  ribose was added and minimal decrease in turnover number 
(TON) was observed. TEMPO has been used as a radical scavenger/trap with both 
chemical and biological applications.136,137 This result suggests that the catalytic behavior 
was due to a metal-based oxidant rather than freely diffusing radicals-based chemistry. In 
addition, an inverse linear correlation of concentration of iron vs. TON was observed using 
the oxidation of methanol as substrate (Figure 1.23.). Varying the concentration of the 
ferrous N2O1 complex and utilizing [NEt4][α-KG] for high solubility in MeOH (55-75 








Figure 1.23. Left—Methanol to formaldehyde oxidation at various iron concentrations 
with [FeII(N2O1)] velut vivum catalyst as determined using the Nash assay. 
Right—Formaldehyde turnover number and [Fe] relationship. Correlation (R2 = 0.9996) 
between 1/[Fe] and TON (inset). 
 
 It is hypothesized that the decrease in [Fe] in homogeneous solution (1 μM) 
coupled with high substrate concentration allows the catalytic cycle to outcompete the 
dimerization process and commit to catalysis. The work of the Caradonna lab over the last 
3 decades has culminated with the velut vivum solution capable of efficient catalysis and 
controlled O2 activation at ambient temperatures and pressures. 
 
[Fe] (μM) TON 
5000 0.39 (± 0.6) 
2500 0.46 (± 0.2) 
500 0.82 (± 0.1) 
300 1.3 (± 0.3) 
200 2.1 (± 0.3) 
100 3.5 (± 0.5) 
12.5 22 (± 5) 
8.0 36 (± 2) 
6.2 54 (± 6) 






Metal-based catalysis has previously been an area of study in which copious 
funding and time has shown impressive progress over the last 100 years. As the need for 
activating small molecule feedstocks is ever growing, current methods geared towards 
these processes produce millions of tons of chemical (and energy-based) waste. The advent 
of massive global initiatives for environmentally-friendly processes indicates the great 
unmet need for non-toxic catalysts and especially the use of O2 as a clean oxidant.  
Metalloenzymes, benefitting from billions of years of evolution, are capable of 
activating dioxygen via four representative pathways; mononuclear cofactor mediation, 
mononuclear direct reaction, binuclear direct reaction, and mononuclear cofactor-bound. 
The four pathways of dioxygen-activating enzymes, PheH, P450, sMMO, and TauD 
exemplify commitment to catalysis and how specific electronic and structural perturbations 
achieve controlled O2 activation. Lessons from nature have informed rational protein 
design, namely the binuclear and mononuclear model systems in the Caradonna lab. 
Success of a rational protein design algorithm predicted protein sequences allowing 
for the successful adoption of a high potential iron sulfur protein Fe4S4 cluster into the 
hydrophobic core of thioredoxin as evidenced by CD and EPR spectroscopies. In addition, 
a second protein, designed with inclusion of a mononuclear non-heme iron superoxide 
dismutase, showed the capacity for catalyzing the dismutation of the superoxide anion at a 
rate on the order of 105 M-1s-1. These two thioredoxins suggest rational design for a protein 





mononuclear direct reaction, similar to the heme center and flavin-based electron shuttling 
of P450s. 
Progression toward a biomimetic analogue of sMMO proceeded through the use of 
the [Fe2(H2Hbamb)2(NMeIm)2] catalyst which showed capability of a highly reactive 
binuclear FeII core, capable of alkane oxidation. The use of the mechanistic probe, MPPH, 
successfully exhibited the diferrous catalyst was proceeding via heterolytic cleavage of the 
peroxide O ‒ O bond in the excess of 200 TONs. The [FeII, FeII] however was not capable 
of highly coupled O2 chemistry due to the need for a re-reduction of the diferric core, as 
the first-order collapse of the reactive species to the diferric μ-oxo species inhibited 
catalytic efficiency. Owing to the softness of the phenolate ligand, the [FeIII, FeIII] diferric 
catalyst proved inert with the addition of oxygen atom donor molecules and dioxygen, 
unable to form the [FeIII, FeV]→[FeIII, FeIII] intermediate observed with sMMO. Inability 
to prioritize dioxygen activation with the dimer system provided impetus for further 
research on mononuclear non-heme iron catalysts. 
The current  “solution” to dioxygen activation at a small-molecule catalyst from the 
Caradonna lab is a facial triad, 2-histidine-1-carboxylate motif around a mononuclear 
ferrous iron center, [FeII(N2O1)]
+. It has shown dioxygen activation with the same 
coenzyme (α-ketoglutarate) as that used by TauD as well as similarities to isomers 
observed with TauD (DFT and EPR), and similar electrochemical and electronic 
absorbance features as the native enzyme. After undergoing O2 activation, the catalytic 





1:1 fashion) and regeneration of the ferrous form of the catalyst. Current work is underway 
to build-up and trap intermediates on the catalytic cycle of the velut vivum model and utilize 
an 15N labeled ligand with DFT and EPR spectroscopies to further elucidate the isomeric 
distribution. The TauD catalytic cycle has been a template for proposing the working 
mechanism of the model catalyst that has been probed with low-temperature stopped-flow 
kinetics. Applying the lessons learned from studying O2 activation has provided the 
Caradonna lab with a highly reactive, small-molecule catalyst capable of achieving velut 
vivum C ‒ H activation at ambient temperatures and pressures.  
Motivating the subsequent research chapters are the pitfalls of extremely O2 
sensitive catalysts, using the case of the [FeII(N2O1)]
+ catalyst: self-inactivation and 
production of a thermodynamic sink diferric μ-oxo species (kdimer in Figure 1.17.) The 
scope of this thesis expands on the metal-center (chromium and manganese, in addition to 
iron) and immobilizes the catalyst on a resin surface to allow for higher catalytic efficiency, 
in a movement away from homogeneous catalysis and toward heterogeneous catalysis, all 





Chapter 2: Probing the Reactive Nature of the Ferrous N2O1 Complex with Dioxygen: 
The Effects of Altering the Nature of the α-Keto Acid Moiety 
 
2.1 Introduction 
2.1.1 Dioxygen as an oxidant 
Since the inception of the interdisciplinary field of bioinorganic chemistry, the 
ultimate goal has been to further understand properties of enzyme active sites where the 
examination of model chemistry tells you what can happen, not necessarily what does 
happen in an active site, and from those findings, design synthetic coordination complexes 
to mimic an enzyme’s intrinsic reactivity.26,138 As discussed in Chapter 1, the factors that 
influence the active site chemistry of enzymes are not yet completely defined and stem 
from both structural and energetic characteristics of the protein scaffold that provides the 
requisite reaction dynamics for optimized chemical pathways. To truly mimic active site 
or second coordination sphere chemistry, small molecule metal complexes must be 
carefully designed to overcome the dominant influence of thermodynamic preferences of 
the metal center, not limited to but including, dimerization, oligermization, and off-path 
radical-based chemical pathways.  
Aside from their synthetic utility, one of the purposes of metal complex models is 
to help elucidate mechanistic questions and thereby to better understand the chemistry of 
the enzyme. The study of activating dioxygen via mononuclear, cofactor-bound 





the field of mononuclear non-heme iron oxygenase (MNO) model chemistry.139 The focus 
of this chapter is on model complexes utilizing the 2-histidine-1-carboxylate facial triad 
motif around a mononuclear non-heme iron center to activate dioxygen as observed in the 
enzyme class of 2-oxoglutarate-dependent (2-OG) dioxygenases.140 The chapter will 
conclude by discussing a series of carboxylate-ligated ferrous model complexes from the 
Caradonna lab and their reactivity with oxygen sources such as oxygen atom donors 
(OADs), peracids, and peroxides.  
 Published studies have shown that the reactive intermediate responsible for 
chemistry in the MNO enzymes that react with O2 is the Fe
IV-oxo that was characterized 
by rapid freeze-quench Mössbauer and Raman spectroscopy, generated by the cleavage of 
the O ̶ O bond and production of a high-valent metal oxidant concomitant with CO2 release 
from -KG.103,132,141,142 Many early model complexes were designed with repurposed 
primarily N-donor rich ligands (Figure 2.1.) that were utilized in an attempt to stabilize 






Figure 2.1. Common N-donor ligands that have been used in mononuclear non-heme iron 
model complexes in the literature. 
 
Among such ligands are the substituted N,N‘-bis(2-pyridylmethyl)-N,N‘-dimethyl-
trans-1,2-diaminocyclohexane (BPMCN),43,46 2,9-dimethyl-1,10-phenanthroline 
(DMP),143 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane (TMC),35,40,43,44 the 
parent and substituted tris-pyrazylborate (Tp),47,140 1,4,8,12-tetraazacyclopentadecane 
(TAPH),45 tetraamido macrocyclic ligands (TAML),43 and N,N-bis(2-pyridylmethyl)-
bis(2-pyridyl)methylamine (N4Py).35,42 Many other N-rich ligand sets contained 
significant steric bulk from their macrocyclic structures and induced coordinative 
saturation at iron center that proved amenable to characterizing FeIV-oxo species. Upon 
further investigation, however, these geometries tended to favor low-spin electronic states 
as compared with high-spin MNO active sites.41,48,49,120,144 Most importantly, in the tradeoff 





complexes have been hampered by inertness towards dioxygen.36–38 Although many 
examples of complexes of this nature exist in the literature, which will be discussed at 
length in Section 2.1.2, the focus here will be on models capable of binding an α-keto acid 
(α-KA) to more closely mimic the active site of 2-OG enzymes and to facilitate the requisite 
electronic structure for intramolecular O2 activation.  
 
Figure 2.2. Ligand set for substituted tris(2-pyridylmethyl)amine) (TPA) ligand and 
corresponding ferrous benzoyl formate-bound crystal structure. 
 
Studies of the first crystallographically characterized ferrous complex capable of 
binding benzoyl formate (BF) and producing an α-keto adduct, focused on the tetradentate 
ligand complex, [FeII(TPA)(BF)]+ (Figure 2.2.).145 Uniquely, the TPA complex had two 
spectroscopically different binding motifs of the benzoyl formate depending on solvent. A 
hypsochromic shift was observed in the metal-to-ligand charge transfer (MLCT) band 
absorption due to monodentate binding of the α-KA in coordinating solvents such as 
MeOH, but in the presence of non-coordinating solvents like DCM, a bathochromic shift 
of the MLCT band confirmed a bidentate bound BF (Table 2.1.).146 The similarity of the 





enzymes in the family of MNO exhibit a strong MLCT band. In FeIITauD, the MLCT 
transition is observed at λmax = 530 nm associated with numerous enveloped transitions of 
the FeII  d orbitals → π* LUMO orbitals of the coordinated α-ketoglutarate (α-KG) ligand 
as shown by variable-field variable-temperature (VTVH) MCD studies.98,142 The ferrous 
centers in Table 2.1. show electronic absorbance features from selected models compared 
with the enzyme TauD MLCT band energy.94,140,145–150 The [FeII(TPA)(BF)]+ complex, 
albeit more O2 sensitive than prior systems, was not a robust catalyst with sub-
stoichiometric turnover (0.75 equiv. 2,2’-biphenol product) after 48 hours of exposure to 
O2 in the presence of 2,4-di-tert-butylphenol. The authors did not comment on the use (or 
lack thereof) of control reactions, only that the biphenol product was measured via 1H-
NMR spectroscopy.145  
The mechanism of dioxygen reactivity in this system is not fully understood as the 
ligand and bidentate bound BF produce a coordinatively saturated metal center. However, 
the high FeII/III reduction potential of this model complex, at +1000 mV vs. NHE, suggests 
that the reduced metal center is stabilized as compared with corresponding biologically 
relevant iron center of TauD, at -127 mV, thereby impeding reduction of O2 to 
superoxide.120,151 Que et al. suggested the mechanism of this model to be a result of the 6-
coordinate bidentate-bound BF adduct dissociating to a 5-coordinate complex to allow O2 
to bind. Thus, it was concluded that the ligand dissociation was likely the rate limiting step 
and a contributing factor as to why no high-valent iron-oxygen intermediates could be 
found.140 With the methyl substituted TPA ligand complex, [FeII(6-Me3-TPA)(BF)] (6-





(max = 690 M
-1cm-1) indicating a bidentate bound α-KA.146 This complex underwent 
stoichiometric decarboxylation (98%) after 7 days’ exposure to O2, however no high-valent 
iron-oxygen intermediates were reported for this model, either. This result is not entirely 
surprising as Joan Valentine has showed that superoxide itself causes the decarboxylation 
of α-ketoacids and the authors do not report running control mechanisms for either ligand 
set in the absence of the BF cofactor.152 This reaction, and other control reactions, would 
have aided in arguing against a possible outer sphere electron transfer to dioxygen to form 
FeIII-superoxide, which is known to rapidly disproportionate in the presence of trace 
water/proton source to H2O2 and O2. Because Fe
III and H2O2 are radical-based chemistry 
initiators, this may provide a possible explanation for the lack of high-valent iron-oxygen 





Table 2.1. Electronic absorbance features of MNO model α-keto acids (α-KA) adducts and 
taurine dioxygenase (FeIITauD). 
FeII center 




Ligand binding  
motif 
Ref 












+ 544 nm BF N4 145,146 
[FeII(TpMe2)(BF)(CH3CN)] 610 nm BF N3 147 
[FeII(TpPh2)(BF)] 531 nm BF N3 150 
[FeII(TpiPr2)(PRV)] 682 nm PRV N3 149 
[FeII(N2O1)(αKG)(MeOH)]
 500 nm α-KG N2O1 123 
[FeII(N2O1)(BF)(MeOH)] 625 nm BF N2O1 123 
‡indicates complex in non-coordinating solvent such as DCM. α-KG = α-ketoglutarate; BF 
= benzoyl formate; PRV = pyruvate.  
 
As the field worked toward a more biomimetic analogue, ligand sets of the 
mononuclear non-heme iron complexes began incorporating N/O-donors and an α-keto 
acid (α-KA) to focus more acutely on modeling the chemistry of the 2-OG enzymes. 
FeIITauD exhibits a strong MLCT band (max = 140 M
-1cm-1) associated with the tight 
bidentate binding of α-KG, so an accurate ligand set modeling the active site should in 
theory, have three open, mutually cis sites—one for coordination of dioxygen and two for 
bidentate binding of the α-KA.94,98,127,153 The geometry of three cis-coordination sites 
(facially bound) allows intramolecular axial attack of the subsequently bound superoxide 
distal oxygen center on the C-2 carbonyl center of the coordinated planar five-membered 
ring of the α-keto moiety, thereby initiating the irreversible C ‒ C bond cleavage process 
(elimination of CO2) and the generation of the terminal Fe





hypothesized that moving from a tetradentate to a tridentate ligand would more closely 
model the binding of the ‘2-his-1-carboxylate facial triad’ motif that is observed in the 
enzyme active sites and leave an open site for O2 to bind.
143,145,154 It is worth noting, the far 
more common α-KA (Figure 2.3.) utilized by these analogues was benzoylformate (BF) 
instead of the native cofactor of FeIITauD, α-ketoglutarate. The use of this synthetic 
cofactor is not thoroughly described, but could be owed to the highly charged nature of α-
KG as compared with the aromatic nature of BF in nonpolar solvents.  
 
Figure 2.3. Left to right: benzoyl formate, para-substituted benzoyl formate, pyruvate, and 
α-ketoglutarate. Structures of α-keto acids utilized by in mononuclear non-heme iron 
model complexes in the literature.  
 
Studies of the O2 sensitive tridentate N-donor hydrotris(pyrazolyl)borate (Tp
R2) (R 
= Me, iPr, or Ph) ligands from both the Valentine as well as Que labs (Figure 2.4.) were 
proposed to offer mechanistic insights to the enzyme reaction mechanism because of the 
observation of decarboxylation of a bound α-KA with concomitant oxidation of substrate 







Figure 2.4. Tridentate Tp ligand and corresponding ferrous benzoyl formate-bound 
complex crystal structure. 
 
Strong absorbances of the ferrous adducts in the 500 – 700 nm range suggested 
bidentate α-KA binding and increasing steric bulk of the substituents on the ligand in 
anaerobic conditions produced slower rates of [FeII(TpR2)(α-KA)] adduct formation. 
Valentine et al. argued that the [FeII(TpMe2)(BF)] complex, in the presence of dioxygen, 
was proceeding via a concerted mechanism from studies using cis-stilbene.147 100 molar 
equivalents of substrate formed 0.65 equivalents of cis-stilbene oxide, but only trace 
amounts of the thermodynamically more stable isomer, trans-stilbene oxide, were formed. 
Whereas if the reaction was proceeding via a freely diffusing radical-based process, the 
presence of the more thermodynamically stable oxide would dominate the product 
distribution. To further probe the kinetics of the TpPh2 ligand set, a Hammett analysis was 
employed by the use of electron withdrawing and electron donating para- substituents on 
BF with [FeII(TpPh2)(p-X BF)] complex. Each substituent was assigned a substituent 





from the ionization of substituted benzoic acids with respect to the unsubstituted 
benzoylformate (x = H). The linear fit of a plot of log(kX/kH) versus the substituent constants 
(σx) allows for the determination of a reaction constant (ρ).  
As discussed in Chapter 1, the current proposed mechanism for TauD involves the 
formation of an FeIII-superoxide species which attacks at the C-2 carbon of the bound α-
KG.155 Que et al. proposed a reaction mechanism with a rate determining step (RDS) 
involving an initially formed superoxo species acting as a nucleophile to attack the 
electrophilic C-2 carbon of the BF.140 One advantage of models over enzymes is the ability 
to probe the mechanism via the use of various non-natural α-KA cofactors that bind to the 
complex and cause spectroscopic changes, in this case, to the presumed RDS. Specifically, 
by varying electron withdrawing and electron donating para-substituents on BF (Figure 
2.3.), a reaction constant (ρ) can be calculated which indicates the degree to which the ring 
substituents affect the reaction. A Hammett ρ value of +1.3 was obtained demonstrating 
that electron withdrawing groups increased the rate of reaction with O2 supporting a 
nucleophilic attack mechanism at the α-keto group of BF.148,150 This data is suggests that 
electron density at the C=O site is important and, thus, three mechanisms are consistent 
with these data: (i) stepwise pathway where bound superoxide attacks the site, (ii) 
concerted O2 attacks the Fe(II) and C=O site, and (iii) outer sphere electron transfer to 
generate superoxide that then attacks the C=O and then the Fe center. However, Hammett 





Although the reactivity studies of cis-stilbene, and Hammett analysis of the RDS, 
suggested similarities to the native MNO enzymes, fundamental mechanistic questions 
remain unanswered. Oxidation of both the TpPh2 and TpiPr2 ligands as well as only 70-80% 
decarboxylation of the bound α-KA in the presence of O2 discredit the idea that these 
reactive models are proceeding through the same clean chemistry as the enzyme. In 
FeIITauD for instance, oxidative decarboxylation of the α-KG and oxidation of taurine are 
coupled in a tight 1:1 fashion.94,101,123,127 In the case of other 2-OG enzymes with poor 
substrates present, it has long been known that they undergo oxidative inactivation which 
giving rise to the uncoupling of α-KG decomposition and substrate oxidation.156–159 In 
these model systems, the lack of mass balance and oxidation of the TpR2 ligand suggest the 
model complex is reacting with O2 to generate reactive intermediates capable of oxidizing 
organic substrates, however, the lack of directed (coupled) O2 activation leaves room for 
interpretation of the mechanism of these complexes.160  
Although some intricacies of the mechanism of TauD have yet to be defined, the 
class of MNO enzymes utilize a well characterized FeIV-oxo species, generated by the 
heterolytic cleavage of the O ‒ O bond and formation of a high valent (M+2) metal oxo, for 
oxidation of substrate. O2 however, has a lower energy and more thermodynamically 
favored pathway of homolytic O ‒ O bond cleavage which results in a one-electron 
oxidation of metal (M+1) and initiation of radical-based chemistry. In addition, when using 
dioxygen as an oxidant, two electrons are required to reduce it to the peroxide level, and a 
reductant is required to reduce the oxidized metal back to its reduced form. These processes 





peracids/peroxides are reduced forms of O2 “activated oxygen” and do not require the use 
of reductants, for example, the OAD shunt of the P450 mechanism (Figure 1.6.). The use 
of an OAD such as p-CN-DMANO allows for a comparison of product distribution to shed 
light on the reactive species in the mechanism of these complexes, as discussed in Section 
2.1.2.  
Although it is a goal of the field of mononuclear non-heme iron model chemistry 
to mimic reactive enzymes, success has been found instead in trapping reactive 
intermediates similar to those of the enzyme or designing ‘facial triad’ complexes with O2 
sensitivity with limited catalytic abilities. However, the detailed characterization of the 
electronic characteristics of high-valent species that do not exhibit reaction chemistry is 
only an intermediate step at best, as it does not highlight those features or characteristics 
that are responsible for the observed enzyme/model chemistry. The challenge remains. 
As discussed in Chapter 1, the only system with appreciable catalytic efficiency 
and controlled heterolytic cleavage of O2 using the native α-KG cofactor, is the velut vivum
5 
[FeII(N2O1)]




5 Velut vivum translated “as if living” devised by Profs. Loren J. Samons II and Patricia J. Johnson of 






Figure 2.5. Left— N2O1 = 2-((2-dimethylamino)ethyl)-(methyl)amino)acetic acid6 
ligand. Middle—[FeII(N2O1)(H2O)3]
+ complex with hydrogen atoms omitted for clarity. 
Right—[FeII(N2O1)(α-KG)(H2O)]
- complex with α-KG bound with hydrogen atoms 
omitted for clarity. Reproduced from Cappillino.124 
 
 A comparison of the reactivity of the other model complexes capable of binding 
an α-KA cofactor and reacting with oxygen suggests the field remains far from completing 




6 GREEN OXIDATION CATALYTIC SYSTEM U.S. Patent No. 10,428,043 B2 issued 









Substrate Product(s) TON Ref 
[FeII(TpMe2)(BF)]a 








15 mins cis-stilbene cis-stilbene oxide 0.65 
[FeII(TpPh2)(BF)]a 
N.R. ligand Ph ligand phenolate 0.7 
160 
N.R. Thioanisole methylphenyl sulfide 0.7 
N.R. Cyclohexene cyclohexadiene 0.4 
N.R. DHA anthracene 0.35 
[FeII(DMP)(NO3)(BF)]a 








20 hours dimethyl sulfide dimethyl sulfoxide 0.33 
20 hours dimethyl sulfoxide  dimethyl sulfone 0.18 
[FeII(DMP)(BF)2]a 








[FeII(TPA)(BF)]b 2 days 2,4-di-tbutylphenol 2,2’-biphenol 0.75 145 
[FeII(N2O1)(αKG)]c 
5 mins Methanol formaldehyde 285 
117 2 hours Cyclohexene 
cyclohexene oxide 132 
2-cyclohexan-1-ol 249 
2-cyclohexan-1-one 70 
2 hours 2,4-di-tbutylphenol phenoxyl radical 619 
DPM = 2,9-dimethyl-1,10-phenanthroline; DHA = 9,10-dihydroanthracene; N.R. = not 
reported. a Ligand shown in Figure 2.1. b Ligand shown in Figure 2.2. c Complex shown in 
Figure 2.5.  
 
The uniqueness of [FeII(N2O1)(αKG)]
 complex is twofold: (i) it is capable of 
catalytically oxidizing a variety of substrates using O2 and, (ii) shows the ability to perform 
catalysis using a range of cofactors. Eichhorn et al. investigated FeIITauD with a variety of 
α-keto acids beyond the native α-ketoglutarate to observe if any appreciable chemistry was 
possible with alternative α-KAs (Figure 2.6.).92 Among α-ketoglutarate, α-ketoadipate, α-
ketoisovalerate, oxaloacetate, α-ketocaproate, α-ketovalerate, α-ketobutyrate, and pyruvate 





4-10% the rate of what is observed with α-KG. The authors hypothesize a second carboxyl 
group is required for recognition/active site orientation by the enzyme for reactivity but do 
not elaborate on the findings with oxaloacetate as an exception to this conclusion. 
 
Figure 2.6. Analogous cofactors to α-ketoglutarate used to probe reactivity and 
perturbation of the electronic absorption spectrum of FeIITauD. 
 
 
Hausinger and coworkers reached similar conclusions in determining if effects of 
other α-KAs could be observed in the electronic spectrum of FeIITauD. Insignificant 
absorbance increases were observed for α-ketoisovalerate, pyruvate, and α-ketocaproate in 
the 380-700 nm range, but a minimal increase was observed for α-ketoadipate.94 The 
authors refer to the MLCT band with α-ketoadipate bound as a ‘barely detectable 
absorption’ centered near 530 nm, which is about 2% of the intensity of the observed 
FeIITauD adduct with α-KG bound (λmax = 530 nm, ε = 140 M
-1cm-1).94 One suggestion 
from these data was that the α-KA specificity may be linked with geometric constraints of 





way that further understanding of the enzyme can be elucidated using biomimetic 
analogues. 
 Unlike TauD, the [FeII(N2O1)]
+ complex has shown the capability to coordinate 
several different α-KAs in a bidentate fashion in addition to the native α-KG to form their 
respective ferrous adducts (Table 2.3. and Figure 2.7.). With this knowledge, the proposed 
working catalytic cycle was probed with a Hammett analysis using para-substituted 
benzoyl formate α-KA analogues to observe effects of substituents with electron donating 
or electron withdrawing character on the k3 step of the proposed catalytic cycle (Figure 
2.8.).  
 
Table 2.3. Metal-to-ligand charge transfer bands for [FeII(N2O1)(p-X BF)] complexes in 
methanol. Adapted from Tarves.123 
α-Keto Acid Adduct Complex λmax (nm) ε (M
-1cm-1) 
[FeII(N2O1)(p-NH2 BF)] 570 810 
[FeII(N2O1)(p-CH3 BF)] 615 390 
[FeII(N2O1)(p-H BF)] 625 225 
[FeII(N2O1)(p-Cl BF)] 635 290 
[FeII(N2O1)(p-CN BF)] 660 90 
[FeII(N2O1)(p-NO2 BF)] 665 80 
 
Figure 2.7. para-X benzoylformate cofactors used in Hammett analysis with electron 





In the case of the [FeII(N2O1)]
+ complex, it is not yet definitively known that the 
slowest step is the attack on the C-2 carbon of the α-keto group by the dioxygen bound to 
the FeIII-superoxide species (Figure 2.8.). The slowest step may be O2 binding to the Fe(II) 
center as Keq is unfavorable, as described in Chapter 1. Thus, the Hammett analysis, instead 
of probing the RDS, may be shedding light on the representative first irreversible step in 
the overall mechanism.  
 
Figure 2.8. Superoxide attack on C-2 carbon of α-KA, forming a peroxo transition state 
and subsequent rapid decarboxylation to produce high-valent FeIV-oxo species.  
 
The rates of oxidative decarboxylation of the α-KA (k3) were monitored via an acid-
catalyzed Fisher esterification to produce the corresponding methyl esters and observe 
build-up over time.123 A Hammett analysis utilizes a reaction constant (ρ) that can be 
calculated from a graph of the substituent constants (σx) vs. log(kX/kH) which indicates the 
degree to which the ring substituents affect the reaction with respect to the unsubstituted 
benzoylformate (x = H). A linear correlation and a Hammett ρ value of +1.21 were 
determined where the positive slope indicates an increase in rate as one proceeds from 
EDGs to EWGs (Figure 2.9.). This result is consistent with a nucleophilic attack at the    





of this step of the mechanism. A prior discussion of these data included deviation from 
linearity for the two rates of decarboxylation in the case of the EDGs (X = N(Me)2 and 
N(Et)2).
123   
Table 2.4. Rate data and Hammett substituent constant for span of para-substituted 
benzoyl formate cofactors in pure methanol.123  
p-X BF 






p-NH2 BF 1.6 (± 0.8) − 0.66 EDG 
p-CH3 BF 7.9 (± 2.4) − 0.17 EDG 
p-H BF 8.3 (± 1.6) 0.00 Standard 
p-Cl BF 12.0 (± 0.6) + 0.23 EWG 
p-N(Et)2H
+ BF 15.4 (± 4.1)  + 0.3a EWG 
p-N(Me)2H
+ BF 18.4 (± 1.1) + 0.46b  EWG 
p-CN BF 90.7 (± 0.2) + 0.66 EWG 
p-NO2 BF 68.9 (± 18.5) + 0.78 EWG 
a Estimated value from trends of decarboxylation and other protonated amine substituents. b From calculated 




After a thorough investigation of the trends of pKa values of substituted benzoic 
acids and modified Hammett calculations, the protonation state of the amine suggests the 
contribution of zwitterion equilibria needs to be accounted for when tabulating the 
substituent constants (σx).
161,162 Findings from van de Graaf et al. indicate that a 
significantly more positive σx should reflect the protonated substituent interactions as 
EWGs instead of EDGs (Table 2.4.). Although the σx of p-N(Et)2H
+ as a substituent was 
not calculated, from the values calculated for p-N(Me)3




162 and the similarity of their structure, it can be estimated the constant would 
fall significantly more positive than the neutral p-N(Et)2 (σx = -0.72) substituent. Based on 





+0.3, however, as these two were of the protonated form when the experiment was 
conducted, they were not taken account in calculating the Hammett ρ value of +1.21 
(Figure 2.9.).   
 
Figure 2.9. Hammett plot for decarboxylation of [FeII(N2O1)(p-X BF)] adduct complexes. 
k0 representing p-H BF rate and ksubstituent representing EWG/EDG substituent rates.  
 
The strong linearity associated with the span of the x values from the para-
substituted BFs allows the interpretation of the positive Hammett ρ value to be indicative 
of a mechanism undergoing nucleophilic attack at the C-2 carbon of the α-keto group.  
Included in the discussion of this chapter will be expansion of the scope of α-KAs to further 
contextualize these findings and add to the knowledge about the [FeII(N2O1)]
+ complex 






2.1.2. Oxygen atom donors, peracids, and peroxides as alternative oxidants 
 One of the several challenges facing homogeneous catalysis with mononuclear 
complexes and dioxygen as the oxidant is the existence of two competing pathways - 
heterolytic vs. homolytic cleavage of the O–O bond (Figure 2.10.).32,139,163,164 Heterolytic 
cleavage proceeds via the energetically higher pathway of a two-electron process to 
produce a high-valent metal-oxidant, two oxidation states higher than the resting metal 
oxidation state. Homolytic cleavage, on the other hand, is the thermodynamically-driven 
pathway that produces a metal center one oxidation state higher than the resting oxidation 
state and initiates radical chain chemistry via hydroxy/alkoxy radical production. 
Monooxygenase enzymes have evolved to exclusively proceed via heterolytic cleavage 
because the protein matrix dynamics and global folding energy have optimized to achieve 
the desired highly electrophilic oxygen, temporarily bound to a high-valent metal center. 
 
Figure 2.10. Top pathway proceeds via heterolytic cleavage of the O–O bond to generate 
a high-valent intermediate. Bottom pathway induces homolytic cleavage of the O–O bond 
to generate hydroxy/alkoxy radical to initiate radical-based chemistry.  
 
Although the small molecule catalysts discussed thus far have focused on 
complexes that showed some reactivity with O2, the possibility of two O2 activation 





between these pathways. One such example is the use of a two-electron acceptor, oxygen 
atom donor, para-cyano-N,N-dimethylaniline N-oxide (p-CN-DMANO), first used in 
synthetic heme systems as a comparison to and possible replacement of iodosylbenzene 
(PhIO) as an OAD.165,166 Work from Valentine et al. compared product distributions of 
redox active metals (FeII), non-redox metals (AlIII), and in the absence of any metal 
catalysts with PhIO.167 Oxidation of products were observed in all three scenarios, 
suggesting the OAD may not be proceeding via the same pathway for all metal-based 
compounds.168 In addition, the higher solubility of p-CN-DMANO than PhIO and the 
alternative chemistry, specifically Lewis acid polarization of the IIII species in solution, 
made p-CN-DMANO a more reliable mechanistic OAD. The ability of a system to use p-
CN-DMANO for catalysis suggests that a high-valent metal-based oxidant is likely 
responsible for the chemistry rather than one-electron Fenton-type chemistry.57,169 
However, the vast majority of mononuclear non-heme iron catalysts are incapable of 
controlled O2 activation and therefore have used reduced forms of O2 “activated oxygen” 
such as peroxides, peracids, and oxygen atom donor molecules to generate reactive 
intermediates. These “activated oxygen” analogues have a history of mechanistic 
ambiguity as to how the reaction is occurring.8,104,170 Table 2.5. summarizes selected ligand 
sets and OAD molecules, peracids, and peroxides that have been tested for reactivity with 
an array of substrates with bond dissociation energies ranging from 75  ̶  95 kcal/mol.33 
Many of the N-rich ligand sets described below were noted for their ability to stabilize 





complexes suffered from sub-stoichiometric turnover numbers, making them poor 
catalysts.  
Table 2.5. Ferrous mononuclear non-heme model complexes used in oxidation reactions. 
Ligand Oxidant Substrate Product(s) TON Ref 
BPMCNa H2O2 
trans-2-heptene 
trans-2-heptene oxide 5.4 
50 
2,3-heptane diol 0.3 
cyclooctene 
cyclooctene oxide 5.8 





trans-2-heptene oxide 2.4 
50 
2,3-heptane diol 7.5 
cyclooctene 
cyclooctene oxide 3.5 
1,2-cyclooctane diol 5.8 
TAMLa mCPBA 
DHA Anthracene 0.5 
51 
thioanisole methylphenyl sulfoxide 1 
cyclooctene cyclooctene oxide 0.35 









cyclooctene cyclooctene oxide 27 
45 
trans-stilbene trans-stilbene oxide 15 
N4Pya PhIO 
cyclohexane cyclohexanol/one 0.1 
53 
toluene Benzaldehyde 0.6 
triphenylmethane triphenylmethanol 0.9 
DHA Anthracene 0.9 
TMC-(NCMe)a PhIO DHA Anthracene 0.9 54 
N2O1c p-CN-DMANO methanol Formaldehyde 46 
this 
work 
N2O2 c p-CN-DMANO methanol Formaldehyde 58 
N2O3 c p-CN-DMANO methanol Formaldehyde 23 
TON = turnover numbers; H2O2 = hydrogen peroxide; mCPBA = meta-chloroperbenzoic acid; DHA = 
9,10-dihydroanthracene; PhIO = iodosylbenzene; tBuOOH = tert-butylcyclohexyl peroxide. a Ligand 
shown in Figure 2.1. b Complex shown in Figure 2.2. c Complex shown in Table 2.6. 
 
The final three entries of Table 2.5 are a series of varying N,N,Ox carboxylate-
ligated complexes (x = 1  ̶  3) from the Caradonna lab that are designed to probe reactivity 





complexes suggests the increase in number of coordinated carboxylate residues increases 
the metal-ligand covalency and the electron density at the metal center ultimately 
decreasing the redox potential.120 This trend was also observed using the electrochemical 
properties as calculated via DFT methods.124 Dioxygen uptake studies in methanol for all 
three complexes showed a 4:1 of FeII:O2 stoichiometry, which is reminiscent of the 
autoxidation of iron porphyrins where this 4:1 ratio is also observed (Balch mechanism).
134 
As discussed in Chapter 1, it is a possibility that in absence of substrate, or at high effective 
ferrous complex concentration, the relative kinetic rates allow the Balch-type mechanism 
to produce an irreversible “dead end” diferric μ-oxo species. Crystallographic evidence 
was obtained for the μ-oxo dimers of the N2O3 (simple µ-oxo dimer) and N2O2 (dimer of 
dimers owing to open coordination site on iron complex) complexes, however crystals of 
diffraction quality of the N2O1 complex were unable to be isolated.
120 Observation of the 
reactivity of the complexes with dioxygen found that increasing carboxylate ligation 
increased the rate of the appearance of the diferric μ-oxo species. However, a large 
difference in reactivity within the series was observed in the shift from one or two to three 
carboxylates ligated to the ferrous center, as evidenced by the very rapid reaction of the 
[FeII(N2O3)]
- with O2 fully forming the μ-oxo species in less than a minute versus the slow 
growth of the μ-oxo dimer over the course of hours for the [FeII(N2O1)]
+ and [FeII(N2O2)] 
complexes. Of the three complexes, only [FeII(N2O1)]
+ with the use of a bidentate bound 
α-keto acid cofactor has been proven to have catalytic efficiency with dioxygen, however, 





observed with substrates with bond dissociation strengths as high as 96 kcal/mol for all 
three complexes (Table 2.5.).33 
Table 2.6. Series of varying carboxylate-ligated complexes and trends of reactivity and 
reduction potential.  









 -40 mV -280 mV 
O2 
reactivityb 
≈ 2 hours ≈ 2 hours < 1 minute 
TONc 46 58 23 
a Electrochemistry performed in DMSO and referenced with Fc/Fc+ as an external standard and reported vs. 
NHE. b Monitored via absorbance of μ-oxo species at λmax = 335 nm. c TON as measured by Nash assay with 
p-CN-DMANO as terminal oxidant 
 
This chapter will focus on efforts to examine the electronic and structural extremes 
of the α-keto acid series previously studied with the [FeII(N2O1)]
+ complex and their 
subsequent non-trivial reactivity with dioxygen.117,123 Utilizing a model with the 2-his-1-
carboxylate ‘facial triad’ motif will provide mechanistic insights into the inner-workings 
of this class of enzymes. Additionally, the intrinsic dioxygen sensitivity of the series of 





analysis ultimately to draw parallels with the O2 reactivity of the velut vivum model 
complex, [FeII(N2O1)(α-KG)]






2.2.1 General experimental considerations 
 All solvents used were purified as follows: methanol (Pharmco-Aaper, 
Brookfield, CT) was distilled from magnesium metal, dimethyl sulfoxide (Sigma Aldrich, 
St. Louis, MO) was distilled under vacuum from calcium hydride, triethylamine (Fisher 
Scientific, Hampton, NH) was dried and distilled from sodium metal, unstabilized 
dichloromethane (Fisher Scientific, Hampton, NH) was distilled from calcium hydride, 
stabilized tetrahydrofuran (Pharmco-Aaper, Brookfield, CT) was dried and distilled in inert 
atmosphere using sodium metal and benzophenone, dimethylformamide (Pharmco-Aaper, 
Brookfield, CT) was distilled under vacuum from P2O5. Iodosylbenzene was synthesized 
and purified as previously reported.171 Ferrocene (Sigma Aldrich, St. Louis, MO) was 
purified by sublimation for use as a reference for electrochemical analyses. 
Tetrabutylammonium tetrafluoroborate (Acros-Fisher Scientific, Hampton, NH) was 
purified by multiple recrystallizations from hot EtOAc and dried under vacuum for use in 
electrochemical analyses. 2,4,6-tri-tert-butylphenol (Sigma Aldrich, St. Louis, MO) was 
purified via multiple recrystallizations from 95:5 EtOH:H2O mixture prior to use as a 
substrate. Cyclooctene (Acros-Fisher Scientific, Hampton, NH) was purified via fractional 
column distillation under vacuum and used as pure sample for GC/FID analysis. 1-bromo-
4-tert-butylbenzene (Sigma Aldrich, St. Louis, MO) was fractionally distilled by heating 
over Na2SO4 for use as an internal standard in GC/FID. Pyridine (Alfa Aesar, Haverehill. 
MA) was distilled from CaH2 and stored at 4 °C in an air-tight amber wheaton vial over 





Louis, MO)  was fractionally distilled from sodium metal with heating and used in 
syntheses. 1-methylcyclohexanol and 3-methylcyclohexanol (Sigma Aldrich, St. Louis, 
MO) were fractionally distilled from Na2SO4 under vacuum for use as internal standards 
in GC/FID. 2-methylcyclohexanol, 4-methylcyclohexanol, and cyclohexylmethanol 
(Sigma Aldrich, St. Louis, MO) were heated slightly and fractionally distilled from excess 
CaSO4 for use as internal standards in GC/FID. 4’-methylacetophenone (Sigma Aldrich, 
St. Louis, MO) was distilled under vacuum and recrystallized from isopentane. 
Tetraalkylammonium (NMe4, NEt4, NBu4) hydroxides 25% in MeOH (Sigma Aldrich, St. 
Louis, MO) were titrated prior to use to determine exact concentration.  All other chemicals 
were purchased from Sigma Aldrich (St. Louis, MO) and were used as received unless 
specified. All manipulations involving air sensitive complexes were carried out in an inert 
atmosphere glovebox (M. Braun Unilab UL-1815, 115 V, N2 gas purification system) or 
on a dual vacuum/gas manifold using Schlenk techniques. All solvents used in air-sensitive 
work were distilled and thoroughly degassed with five to seven successive freeze-pump-
thaw cycles using a Schlenk manifold. Non-stopped-flow UV/Vis spectra were collected 
using a Hewlett Packard 845x UV-Visible System (Model 8453) with the Chemstation 
software package.  IR spectra were collected using a Thermo Nicolet AVATAR 330-ATR-
FTIR. Cyclic voltammetry experiments were performed using a Princeton Applied 
Research Potentiostat Model 273 with a glassy carbon working electrode, a silver wire 
reference electrode and a platinum wire counter electrode.  NMR spectra were recorded at 





NMR at 202.4 MHz) with all chemical shifts referenced to TMS. Metal concentrations 
were determined using a Varian AA240Z Atomic Emission Spectrometer. 
2.2.2 General methods 
Samples for magnetic circular dichroism (MCD) were prepared according to 
procedures developed by Laura Cunningham.125 
Iodometric titration of peracids and peroxides for [O] activity: Several 1:3 vol/vol (2.5 
mL:7.5 mL) solutions of DMDO and glacial acetic acid were prepared and used as titrate. 
83 mg (0.5 mmol) of KI was added to and solutions turned golden yellow. 100 mg of 
sodium thiosulfate (0.6 mmol) was added to 100 mL of H2O and used as titrant. Titrant 
was added to titrate until solution turned colorless and change in volume was recorded. 
After several trials of highly reproducible (<5% deviation) determinations of the 
concentration of the peroxide/peracid, the solution was stored in an amber vial at -20 °C.  
Triphenylphosphine (TPP) oxidation to determine activity of oxygen atom donors: 
Freshly purified p-CN-DMANO 50 mg (0.3 mmol) and 80 mg of TPP (1.2 mmol) were 
combined in 20 mL of freshly distilled DCM in a 25 mL round bottom flask and allowed 
to stir under N2 atmosphere. A control reaction was setup with 80 mg of TPP in 20 mL of 
DCM and allowed to stir exposed to O2. Both solutions were dried under reduced pressure 
and oxidation of the triphenylphosphine to triphenylphosphine oxide (TPPO) was 
monitored via 31P-NMR (202.4 MHz, CDCl3): δ 5.36 (P-Ph3); δ 28.97 (PO-Ph3). 
UV-Vis characterization of [FeII(N2O1)(α-KA)(MeOH)]+ adduct complexes: To a 25 





degassed MeOH and 10 mg of [P.S.][FeII(N2O1)Cl2(MeOH)] complex (18.75 μmol Fe). 3 
mL of the iron stock solution (9 μmol Fe) was added to a test tube for each respective 
adduct complex and 10 mol equivalent of the sodium salt of the α-KA were added directly 
to 3 mL iron solutions. Upon addition of α-keto acid, immediately 1 mL of the colored 
solution was added to an anaerobic cuvette (previously blanked with MeOH), removed 
from inert atmosphere with solid rubber stopper in place, and the electronic absorbance 
spectrum was recorded in the visible region. 
UV-Vis anaerobic titration method of [FeII(N2O1)(α-KA)(MeOH)]+ adduct complexes 
to determine dissociation constant: The exact concentration of iron solution was 
determined spectroscopically in an inert atmosphere before titration began. An α-KG stock 
solution 10 mg of [Na][α-KG] was added to 3 mL of freshly distilled and degassed MeOH 
(60 μmol, 19.75 mM) and iron stock solution 10 mg of [P.S.][FeII(N2O1)Cl2(MeOH)] 
complex (18.75 μmol, 3.75 mM) was added to 5 mL of freshly distilled and degassed 
MeOH. 1mL of each solution (3.75 μmol Fe:19.8 μmol α-KG) was combined in a 2 mL 
anaerobic cuvette and absorbance was recorded to calculate [Fe] using ε = 125 M-1cm-1 at 
λmax = 500 nm of [Fe
II(N2O1)(α-KA)(MeOH)]
+ in MeOH. Once determined, exactly 1 μmol 
of [P.S.][FeII(N2O1)Cl2(MeOH)] complex (1mM, 1 mL solution) was added to an anaerobic 
cuvette and baseline absorbance recorded. Concentrated stock solution of specific α-KA 
was made in 5 mL of MeOH in an inert atmosphere (≈50 mM) in a Schlenk flask equipped 
with a new rubber stopper. The flask was removed from the glovebox and solution was 
degassed further via Schlenk dual manifold. Very high positive N2 pressure was applied 





pierced septum as noticeable N2 pressure escaped. The plunger was inserted into syringe 
barrel before touching solution at the bottom of the flask and approximately 90 μL of α-
KA solution was drawn into syringe. 0.5 mol equivalents (or 10 μL equivalents) were added 
systematically to anaerobic cuvette via syringe and electronic absorbance at the specific 
λmax of that α-KA adduct was recorded for each addition. The curve was fit according to a 
quadratic binding expression to determine Kd.
172 
Solid state IR spectroscopy sample prep: Solid ligand or complex, 8 – 10 mg, was added 
to a small vial with a plastic seal in an inert atmosphere. Most solids were air stable for  
 ≈5 minutes so stringent anaerobic conditions were not necessary to run spectra. 
Background transmission spectra were taken using iPrOH-cleaned diamond surface. 
Samples were loaded in 2 mg amounts and crushed using anvil onto diamond attenuated 
total reflectance-FTIR and repeated 3 times.  
Stopped-flow low temperature spectroscopy sample preparation: Double-mixing 
stopped-flow spectroscopy was performed at Tufts University (in the laboratory of Prof. 
Elena Rybak-Akimova) using a Hi-Tech Scientific KinetAsyst CryoStopped-Flow System 
by TgK Scientific. The low temp double-mixing chambers were submerged in a liquid 
nitrogen cooled unit and controlled via the Hi-Tech Kinetic Studio software package. In an 
inert atmosphere glove box, 16 mg (50 μmol, 5 mM) of [FeII(N2O3)Cl][Na] complex was 
added to 10 mL (50 μmol, 5 mM) of freshly dried and thoroughly degassed MeOH forming 
a very pale yellow or colorless solution (presence of yellow color indicates oxidation). An 





at λmax = 280 nm using ε = 320 M
-1cm-1 to calculate [Fe]. The solution was diluted to the 
desired concentration of 2mM and stored in an airtight Wheaton vial with a butyl-rubber 
stopper and crimped aluminum seal. 100 mg (0.6 mmol) of solid oxygen atom donor p-
CN-DMANO was massed and stored in an airtight Wheaton vial with a butyl-rubber 
stopper and crimped aluminum seal. The iron stock, OAD solid, 60 mL of freshly dried 
and degassed MeOH and 100 mL of freshly dried MeOH were brought to Tufts University. 
All air-sensitive materials were loaded into the glovebox and stored until mixing chamber 
had reached -85 °C. Pure distilled MeOH was used to clean the apparatus and degassed 
MeOH was used for final washing to ensure it was completely air-free before beginning 
the experiment. 10mL of degassed MeOH were added to OAD solid and the OAD solution 
and Fe stock solution were added to separate gas-tight syringes to be attached via a 3-way 
stopcock feeding into the cooled dual-mixing chamber. Final concentrations in mixing cell: 
[Fe] = 1 mM, [OAD] = 30 mM. Data simulations were performed using nonlinear least-
squares fitting methods contained in Specfit/32 version 3.0.36.  
Atomic emission spectroscopy for metal ion determination: Using the concentrated iron 
stock solution made from 8 mg of [P.S.][FeII(N2O1)Cl2(MeOH)] (0.838 mg Fe) in 10 mL 
of MeOH, solvent was removed under reduced pressure and was dissolved in <1 mL conc. 
HNO3 where it turned dark yellow and smoked slightly. This solution was diluted to 25 
mL with a 1% HNO3 in DI H2O and an additional 1:100 dilution in 1% HNO3 for an 
estimated [Fe] = 0.335 mg Fe/L. A set of 4 standard solutions were made from stock 1% 
HNO3 in DI H2O and 1000 mg of Fe/L soln (Ricca Chemical, Arlington, TX) for a range 





AA240Z Atomic Emission Spectrometer and standard curve was only to be used if linearity 
was higher than R2 = 0.990, if not, the erroneous solutions were remade, then concentration 
of iron in reactivity stock solution was determined. This method was employed for 
additional metal complexes (M = Zn, Ga, or Cr) by using the appropriate metal in the 
standard curve solutions (usually 1 ppm M or 1000 mg M/L). 
General O2 reactivity conditions with [FeII(N2O1)(Cl)2(MeOH)]- + organic substrate + 
α-KA: The exact concentration of iron solution was determined spectroscopically in an 
inert atmosphere before titration began. An α-KG stock solution 7 mg of [Na][α-KG] was 
added to 5 mL of freshly distilled and degassed DMF (41 μmol, 8 mM) and iron stock 
solution 7.5 mg of [P.S.][FeII(N2O1)Cl2(MeOH)] complex (14 μmol, 2.8 mM) added to 5 
mL of freshly distilled and degassed DMF. 1 mL of each solution (3.75 μmol Fe:19.8 μmol 
α-KG) was combined in a 2 mL anaerobic cuvette and absorbance was recorded to calculate 
[Fe] using ε = 175 M-1cm-1 at λmax = 500 nm of [Fe
II(N2O1)(α-KA)(MeOH)]
+ in DMF. In 
the 3 mL DMF solutions, Fe concentration in reactions ranged from 0.5 μM – 10 μM, 
substrate concentration in control and reaction solutions was between 1 M – 4 M, and [α-
KA]- in control and reaction solutions was between 1 mM – 4 mM, depending on solubility 
of counterion in DMF. All solutions were prepared in an inert atmosphere glovebox and 
iron was added last to reaction vials. Solutions were equipped with stir bars and allowed to 
vigorously stir for 2 h outside of the glovebox. TON were determined using product 





GC/FID sample preparation: Small aliquots of the reacting solutions and the control 
solutions (1 mL) were passed through a silica plug to remove excess substrate, α-KA salt 
and metal ion. 500 μL of each of the reactions and controls were added to a 1 mL GC vial 
with a screw-top Teflon top lid capable of being pierced with a needle and GC internal 
standard of a concentration 100 μM was added. Specific standards were coupled with 
certain substrates due to retention time differences (cyclooctene with anthracene, decalin 
with 1-bromo-4-tert-butylbenzene, adamantane with anthracene, etc.) and previously 
determined response factors with the internal standard were used to calculate the area under 
the signal for TON.  
Computational details: All calculations were carried out using the WebMO online 
platform Version 17.0.004e with a Gaussian computational engine. Initial rough geometry 
optimizations and vibrational frequencies were preformed using B3LYP which includes 
Becke’s three parameter exchange functional (B3) and the Lee, Yang, and Parr correlation 
with the routine 6-31G(d) basis set.173–176 After confirmation of only positive vibrational 
modes (presence of negative modes indicates molecule could be locked in a local minimum 
on a potential energy surface or an unreal structure) or after further optimization when 
necessary, the molecular energies were calculated using the same theory and basis set with 








2.2.3 General syntheses 
Synthesis of sodium methoxide (NaOMe): To a 50 mL Schlenk flask was added 10 mL 
of MeOH which was allowed to purge with N2. Sodium metal (≈ 50 mg) was added in one 
portion to the solvent and was allowed to react until gas evolution stopped. Note: H2 gas 
evolution should be vented through a bubbler with caution. Solvent was removed under 
reduced pressure and hygroscopic solid fully dried overnight and stored in the glovebox.  
Synthesis of dimethyldioxirane (DMDO): 127 mL of H2O and 97 mL of acetone were 
combined in a cooled 2 L round-bottom flask. NaHCO3 29 g (0.345 mol) was added in one 
portion and 60 g of potassium peroxomonosulfate (0.097 mol) was added in 12 g 
increments with 3 minutes of stirring between each addition. After complete addition, 
pressure was reduced and solution was allowed to distill into a receiving flask cooled to  
-75 °C. The resulting pale-yellow solution was dried over K2CO3 and immediately stored 
over activated 3Å sieves at -20 °C. Activity of the peroxide was determined via the method 
of iodometric titration to be > 95% active. 
Synthesis of phenylperacetic acid177 (PPAA): MgSO4, 0.179 g (1.49 mmol), and 8.82 g 
of NaOH (0.220 mol) were added to 88.2 mL of H2O while stirring. 30% H2O2 solution, 
22 mL (0.215 mol), and 110.3 mL of 1,4-dioxane (1.29 mol) were added to the aqueous 
solution. The resulting caramel-colored solution was cooled to 15 °C. Phenylacetyl 
chloride, 11.33 g (73.3 mmol), was added in one portion. Active peracid thermally 
decomposes rapidly and the addition of the acid chloride is an exothermic step. Ice was 





15 °C. Reaction was quenched with 220 mL of cold 20% H2SO4 solution. Product was 
extracted with 4 x 50 mL of cold (5 °C) CH2Cl2 and combined organic extractions were 
dried with MgSO4. Solvent was removed in vacuo without heating. Product was solvated 
in 100 mL of 1:1 CH2Cl2:C6H6 and washed with 3 x 100 mL portions of 0.1 M phosphate 
buffer (pH = 7.4)  solution. Organic layers were combined, dried with MgSO4, and solvent 
was removed in vacuo without heating for a crude yield of 10 g (90% yield). Small portion 
(≈300 mg) of crude product was recrystallized from benzene and minimum petroleum 
ether. (23.4 g, 10% purified yield). Activity of the peracid was determined via the method 
of iodometric titration to be 75-90% active. Note: decomposition of active peracid species 
is very quick. Purify and titrate active species immediately before use.     
Synthesis of para-cyanodimethylaniline N-oxide (p-CN-DMANO): 4-
(dimethylamino)benzonitrile, 1.860 g (12.4 mmol), was dissolved in 40 mL of CHCl3 at  
0 °C and allowed to stir for 1 h until a homogeneous solution resulted. 77% m-CPBA, 2.78 
g (12.4 mmol), was added to an additional 40 mL of CHCl3 to yield a cloudy solution. The 
m-CPBA solution was added dropwise to stirring p-cyanodimethylaniline solution at 0 °C. 
The reaction was allowed to heat up to RT and stirred under an inert atmosphere overnight. 
Solution was then concentrated in vacuo was purified via column chromatography utilizing 
Brockman, type I basic alumina. After loading, column was washed with 150 mL of CHCl3 
and the product was eluted with a 25/75 MeOH/CHCl3 solvent system. Removal of solvent 
under reduced pressure gave a white solid 0.700 g (70% yield). Activity was quantified as 





General synthesis of sodium salts of α-keto acids: 5 mL of MeOH and 200-300 mg of 
an α-keto acid was added to a 50 mL Schlenk flask under positive N2 pressure. Finely 
ground NaOH in a 0.98 mol equiv. was added to the stirring solution. After rapid formation 
of a white precipitate, solvent was removed on high vac via the Schlenk manifold. If α-
keto salt was not a powdery substance, EtOH or THF was added (<2 mL) to triturate to 
dryness. α-keto salts were stored in wheaton vials in the glovebox with a rubber septum 
and crimped aluminum lid until use.  
General synthesis of tetraalkylammonium α-keto acid salts from hydroxide solution: 
Tetrabutylammonium hydroxide (or tetraethylammonium hydroxide or 
tetramethylammonium hydroxide, etc.) was previously titrated to determine exact 
concentration of hydroxide solution from Sigma-Aldrich. Concentration need be 
determined every six months due to evaporation of MeOH solvent altering [OH-]. To a 25 
mL Schlenk flask were added 223 mg of α-ketoglutaric acid (1.52 mmol) and 1.04 mL of 
25% wt/wt tetrabutylammonium hydroxide in MeOH (1.49 mmol) in 5 mL of MeOH. 
Solvent was removed under reduced pressure and cloudy oil was triturated with THF until 
288 mg of a white solid resulted (68% yield). 
General synthesis of tetraalkylammonium α-keto acid salts from bromide salt178: To 
a 250 mL round bottom flask were added 429 mg of tetrabutylammonium bromide (1.33 
mmol) and phenylglyoxylic acid, 200 mg (1.33 mmol), which were dissolved in minimal 
H2O. A 52 mg portion of NaOH was added (1.30 mmol) and H2O was removed in vacuo 





solid was filtered off. Filtrate was dried in vacuo to give a greasy oil. 1H-NMR (500 MHz, 
CDCl3): δ 7.77 (m, 5H, [C6H5-CO3][NCH2CH2CH2CH3]4), 2.95 (m, 8H, [C6H5CO3][N-
CH2-CH2CH2CH3]4), 1.28 (m, 8H, [C6H5CO3][NCH2-CH2-CH2CH3]4), 1.08 (q, 8H, 
[C6H5CO3][NCH2CH2-CH2-CH3]4), 0.65 (t, 12H, [C6H5CO3][NCH2CH2CH2-CH3]4). 
Synthesis of para-methylbenzoyl formic acid (p-MeBF)179: To a 250 mL round bottom 
flask was added 60 mL of dry pyridine and 13.36 mL of 4’-methylacetophenone (0.1 mol). 
Once solution was homogeneous, 22.19 g of SeO2 (0.2 mol) was added slowly. The 
resulting solution turned deep amber colored upon reflux and was allowed to react for 24 
h. The reaction was allowed to cool to RT and the precipitated selenium metal was filtered 
off and filtrate was concentrated in vacuo. The solution was take up into 100 mL of 2M 
NaOH solution and product was extracted 2 x 50 mL of EtOAc. The pH of the aqueous 
layers was adjusted to 1, then extracted with EtOAc. The combined organic layers were 
dried over MgSO4, and concentrated in vacuo. The crude product was purified via 
recrystallization from 1:9 hexanes:EtOAc solution to yield 2.5 g of pure acid (15% yield).  
Synthesis of [Cp2TiIII(2-Cl)2TiIIICp2] 180: To a 100 mL round bottom flask was added 
20 mL of dried and degassed toluene and 50 mg of Cp2TiCl2 (0.20 mmol). After full 
dissolution producing a deep red-orange solution, zinc dust 10 g (0.153 mol) was added 
and allowed to react 12 h or until an aquamarine/teal solution resulted. The resulting 
solution was stored in an amber vial in an inert atmosphere glovebox with excess zinc at 






Synthesis of thianthrene-5-oxide181 (SOS): To a 50 mL round bottom flask were added 
thianthrene, 1.00 g (4.6 mmol), and glacial acetic acid, 16.2 mL (0.28 mol), and allowed to 
reflux for 12 h. The resulting colorless solution was allowed to cool slightly and dilute 
HNO3, 1.7 mL (1M, 40 mmol), was added dropwise over a period of 0.5 h and a white 
precipitate formed. The solution was refluxed an additional 0.5 h and 60 mL of cold H2O 
were added to fully precipitate product. Solution was filtered and crude product was 
recrystallized from MeOH for a final mass of 507 mg (50% yield). 1H-NMR (500 MHz, 
CDCl3): δ 7.93 – 7.42 (m, 8H, C6H4-SOS-C6H4); 
13C-NMR (125 MHz, CDCl3): δ 129.84 
(C6H4-SOS-C6H4), 129.01 (C6H4-SOS-C6H4), 128.43 (C6H4-SOS-C6H4), 124.50 (C6H4-
SOS-C6H4). 
Synthesis of thianthrene-5,5-dioxide (SSO2): To a 100 mL round bottom flask were 
added SOS, 100 mg (0.41 mmol), MgSO4, 509 mg (4.15 mmol), and 3 mL of acetone. The 
solution was cooled to -10 °C with an acetone ice bath and a saturated solution of KMnO4 
(44 mg (0.285 mmol) in 2 mL of H2O) was added dropwise over 0.25 h, keeping solution 
below 0 °C. The deep purple solution was allowed to warm up to RT and was allowed to 
stir for 0.5 h. The resulting thick, brown solution was filtered over celite and washed with 
25 mL of acetone. The resulting bright pink solution was concentrated in vacuo for a 
quantitative yield of 120 mg of a brown solid. Characterization matches previously 
reported data for this compound.182 
Synthesis of thianthrene-5,10-dioxide (SOSO): To a 25 mL round bottom flask was 





of MeOH and 200 μL of conc. HCl (0.65 mmol). Solution was allowed to stir at RT for  
18 h. Upon completion of reaction, 1 mL of 10% NaHCO3 solution was added and the 
product was extracted 3 x 1 mL with CHCl3. The organic layers were combined, washed 
once with a saturated solution of Na2S2O5 and twice with H2O, dried over MgSO4 and 
concentrated in vacuo to give 33 mg of a white crystalline solid (31% yield). 
Characterization matches previously reported data for this compound.182 
Synthesis of cis-9-decalol183: A 50 mL round bottom flask was charged with 25 mL of 
acetone and wrapped in foil before the addition of cis-decalin, 362 μL (2.35 mmol), via 
syringe. Freshly distilled and iodometrically titrated DMDO in acetone, 11 mL (0.118 M, 
1.3 mmol), was added dropwise by syringe and solution was stirred in avoiding light 
contamination for 24 h at RT. NaHSO3, 135 mg (1.3 mmol), was added and solution was 
tested using starch and KI to ensure full peroxide quench. Reaction pH was adjusted to 
neutral and solvent was removed in vacuo. Resulting yellow oil was dissolved in 10 mL of 
H2O and extracted 4 x 30 mL of CH2Cl2, dried over MgSO4, and dried in vacuo to yield 
220 mg of pure cis-isomer as observed via GC/FID (61% yield).  
Synthesis of trans-9-decalol183: A 50 mL round bottom flask was charged with 25 mL of 
acetone and wrapped in foil before the addition of trans-decalin, 373 μL (2.35 mmol), via 
syringe. Freshly distilled and iodometrically titrated DMDO in acetone, 11 mL (0.118 M, 
1.3 mmol), was added dropwise by syringe and solution was stirred in avoiding light 
contamination for 24 h at RT. NaHSO3, 135 mg (1.3 mmol), was added and solution was 





adjusted to neutral and solvent was removed in vacuo. Resulting yellow oil was dissolved 
in 25 mL of H2O and extracted 4 x 30 mL of CH2Cl2, dried over MgSO4, and dried in vacuo 
to yield 130 mg of pure trans-isomer as observed via GC/FID (36% yield).  
Synthesis of 1-phenylethanol: To a 250 mL round bottom flask was added 50 mL of 
MeOH, 11.66 mL of acetophenone (100 mmol), and 3.783 g of NABH4 (100 mmol). 
Caution: Solution vigorously reacted and should be equipped with a gas outlet. Reaction 
was allowed to stir for 24 h at RT before the addition of 100 mL of brine solution. Product 
was extracted 2 x 125 mL of EtO2 and organic layers were combined, dried over MgSO4 
and solvent was removed in vacuo to produce product as confirmed by 1H-NMR and 
GC/MS.  
2.2.4 Ligand and metal complex syntheses120,124 
Synthesis of 2-((2-(dimethylamino)ethyl)(methyl)amino)acetic acid (N2O1, 2-2): A 100 
mL round bottom flask was charged with glyoxylic acid monohydrate, 901 mg (9.8 mol), 
and after full dissolution, cool solution to 0 °C. N,N,N’-trimethyleythylenediamine was 
added dropwise to stirring solution and atmosphere was flushed with N2 before the addition 
of 10% Pd/C, 106 mg (0.1 mmol Pd), and the flask was flushed with H2 and left under a 
static H2 atmosphere for 48 h. The flask was flushed with N2 and then the mixture filtered 
through celite and washed with 200 mL of MeOH. The solvent was removed in vacuo and 
product taken back up into MeCN and solvent removed with solution in a CO2/acetone 
bath to give 1.61 g (quantitative yield) of pure product. Selected IR bands, (reflectance, 
solid) νmax/cm





Me2NCH2CH2NCH3-CH2-CO2H), 2.81 (t, 2H, Me2NCH2-CH2-NCH3CH2CO2H), 2.79 (t, 
2H, Me2N-CH2-CH2NCH3CH2CO2H), 2.59 (s, 6H, (CH3)2-NCH2CH2NCH3CH2CO2H), 
2.51 (s, 3H, Me2NCH2CH2N-CH3-CH2CO2H); 
13C-NMR (125 MHz, CDCl3): δ 174.93 
(CO2H),  60.66 (Me2NCH2CH2NCH3-CH2-CO2H), 55.84 (Me2N-CH2-
CH2NCH3CH2CO2H), 53.28 (Me2NCH2-CH2-NCH3CH2CO2H), 44.01 ((CH3)2-
NCH2CH2NCH3CH2CO2H), 43.98 (Me2NCH2CH2N-CH3-CH2CO2H).  
New synthesis of 2,2'-(ethane-1,2-diylbis(methylazanediyl))diacetic acid (N2O2, 2-5): 
To a 500 mL Pyrex pressure bottle were added 50 mL of MeOH and glyoxylic acid, 2.13 
g (22.6 mmol). The solution was shaken until it reached homogeneity and was cooled to  
10 °C where N,N’-dimethylethylenediamine,, 1.22 mL (11.3 mmol), was added dropwise. 
TEA, 3.16 mL (22.6 mmol), was added in one portion and the solution was flushed with 
N2 before the addition of 10% Pd/C, 240 mg (0.23 mmol Pd). The flask was flushed with 
H2 and left under a static H2 atmosphere at 50 psi for 6 h. The flask was flushed with N2 
and diluted with 100 mL of H2O. The mixture was filtered through celite and washed with 
200 mL of MeOH. The solvent was removed in vacuo and crude mixture was dissolved in 
hot EtOH and product was precipitated with cold acetone and EtO2. Filtration of precipitate 
yielded a brown film that was dissolved in MeOH and dried under reduced pressure. 
Characterization suggests presence of slight impurities as compared with previously 
reported data for this compound.120 Further work on improved workup and purification 





Old synthesis of 2,2'-(ethane-1,2-diylbis(methylazanediyl))diacetic acid (N2O2, 2-5): 
To a 250 mL round bottom flask containing 50 mL of MeCN was added N,N’-
dimethylethylenediamine, 2.73 mL (0.025 mol), and TEA, 21 mL (0.15 mol). Solution was 
allowed to reflux 2 h and cooled to 0 °C where tert-butylbromoacetate, 17.0 mL (0.11 mol), 
was added dropwise over 0.5 h. Solution was refluxed 16 h and cooled to 0 °C to precipitate 
NHEt3Br salt. Reaction was filtered and filtrate was concentrated in vacuo then re-
dissolved in 100 mL of CHCl3 to produce a golden yellow solution. The protected ligand 
was extracted with 2 x 100 mL of 2M HCl and pH was adjusted to 13. Basic solution was 
extracted with 125 mL of CH2Cl2, dried over MgSO4, and concentrated in vacuo. Brown 
oil was re-dissolved in 35 mL of TFA and reduced to minimal volume and triturated 4x 
with <2 mL of THF to completely remove TFA residue. The beige solid was then dissolved 
in 40 mL of THF and stirred until homogeneous and was precipitated with the addition of 
250 mL of EtO2. Pure product was isolated as 2.75 g of an off-white solid (54% yield). 
Selected IR band, (reflectance, solid) νmax/cm
-1: 1678 (CO); 1H-NMR (500 MHz, CDCl3): 
δ 3.93 (s, 4H, CO2H-CH2-NCH3CH2CH2NCH3-CH2-CO2H), 3.70 (s, 4H, CO2HCH2NCH3-
CH2-CH2-NCH3CH2CO2H), 3.01 (s, 6H, CO2HCH2N-CH3-CH2CH2N-CH3-CH2CO2H);
 
13C-NMR (125 MHz, CDCl3): δ 168.01 (CO2H), 57.16 (CO2H-CH2-NCH3CH2CH2NCH3-
CH2-CO2H), 50.51 (CO2HCH2NCH3-CH2-CH2-NCH3CH2CO2H), 41.17 (CO2HCH2N-
CH3-CH2CH2N-CH3-CH2CO2H).  
Synthesis of 2,2'-((2-((carboxymethyl)(methyl)amino)ethyl)azanediyl)diacetic acid 
(N2O3, 2-8): To a 500 mL Pyrex pressure bottle was added 50 mL MeOH and glyoxylic 





cooled to 10 °C where N-methylethylenediamine, 1.18 mL (13.5 mmol), was added 
dropwise. TEA, 3.16 mL (22.6 mmol), was added in one portion and the resulting yellow 
solution was flushed with N2 before the addition of 10% Pd/C, 430 mg (0.40 mmol Pd). 
The flask was flushed with H2 and left under a static H2 atmosphere at 50 psi for 24 h. The 
flask was flushed with N2 and filtered through celite and washed with 500 mL of MeOH. 
The solvent was removed in vacuo and a white solid and green oil was precipitated with 
EtO2. The white solid was collected and dissolved in MeOH and concentrated to a 
minimum volume and precipitated with CH2Cl2. 1.11 g of the off-white/yellow pure 
product were collected by vacuum filtration (33% yield). Selected IR bands, (reflectance, 
solid) νmax/cm
-1: 1699 (CO), 1636 (CO). 1H-NMR (500 MHz, CDCl3): δ 3.92 (s, 2H, CO2H-
CH2-NCH3CH2CH2N(CH2CO2H)2), 3.86 (s, 4H, CO2HCH2NCH3CH2CH2N(-CH2-
CO2H)2), 3.55  ̶  3.54 (m, 4H, CO2HCH2NCH3-CH2-CH2-N(CH2CO2H)2), 3.02 (s, 3H, 
CO2HCH2N-CH3-CH2CH2N(CH2CO2H)2); 
13C-NMR (125 MHz, CDCl3): δ 172.17 
(CO2HCH2NCH3CH2CH2N(CH2-CO2H)2), 169.81 (CO2H-CH2NCH3CH2CH2N-
(CH2CO2H)2), 58.15 (CO2H-CH2-NCH3CH2CH2N(CH2CO2H)2), 56.58 
(CO2HCH2NCH3CH2CH2N(-CH2-CO2H)2), 53.13 (CO2HCH2NCH3-CH2-
CH2N(CH2CO2H)2), 50.29 (CO2HCH2NCH3CH2-CH2-N(CH2CO2H)2), 42.11 
(CO2HCH2N-CH3-CH2CH2N(CH2CO2H)2). 
Synthesis of [P.S.][FeII(N2O1)Cl2(MeOH)] (2-3): To a 100 mL round bottom flask was 
added 75 mg (0.47 mmol) of N2O1 and 98.3 mg (0.46 mmol) of 1,8-
bis(dimethylamino)naphthalene and 25 mL of THF. FeCl2, 56.3 mg (0.44 mmol), was 





Upon addition of FeCl2, a white precipitate immediately formed and was collected via 
vacuum filtration and washed 2 x 5 mL of EtO2 to give a final pure product of 111.2 mg 
(45% yield). Selected IR bands, (reflectance, solid) νmax/cm
-1: 1604 (CO), 1387 (CO). 
Electronic absorption, λmax (CH3OH)/nm (ε, M
-1cm-1): 285 (2500).  
Synthesis of [FeII(N2O2)(MeOH)2] (2-6): In a 250 mL round bottom flask, N2O2, 1.0585 
g (5.18 mmol), and FeII(OAc)2, 0.8564 g (4.92 mmol), were combined in 50 mL of MeOH 
and allowed to react for 3 days or until solution appeared appreciably cloudy. 100 mg of 
pure product were isolated via vacuum filtration and dried under reduced pressure (18% 
yield). Selected IR bands, (reflectance, solid) νmax/cm
-1: 1588 (CO), 1397 (CO). Electronic 
absorption, λmax (CH3OH)/nm (ε, M
-1cm-1): 293 (929), 348 (56).  
Synthesis of [Na][FeII(N2O3)MeOH] (2-9): A 50 mL round bottom flask was charged 
with N2O3, 600 mg (2.41 mmol), and 20 mL of MeOH to form a cloudy, straw-colored 
solution. The solution turned clear upon the addition of NaOMe, 123.7 mg (2.23 mmol). 
To a separate 100 mL round bottom flask 402.9 mg of (2.31 mmol) Fe(OAc)2 was added 
to 16 mL of MeOH and the N2O3-containing solution was added dropwise. The solution 
was allowed to stir overnight and a fine black precipitate was removed via filtration and 
the filtrate volume was reduced to 5 mL in vacuo. Cold THF (≈ 5 mL) was added to the 
resulting brown oil to precipitate the product. Cloudy solution was filtered and washed 
with 5 mL of cold THF to ensure full drying of the pure complex 742 mg (91% yield). 
Selected IR bands, (reflectance, solid) νmax/cm
-1: 1594 (CO), 1364 (CO). Electronic 
absorption, λmax (CH3OH)/nm (ε, M





2.2.5 Determination of formaldehyde concentration: Nash assay184 
O2 reactivity in MeOH with α-KA: In an inert atmosphere glovebox, freshly distilled 
(using a very slow drip rate distillation to decrease concentration of formaldehyde in 
control and reaction solutions) and thoroughly degassed 3 mL of MeOH was added to two 
separate reaction vials with a stir bar. Solid [Na][α-KA], 11.2 mg (20 mM), was added to 
each and allowed to fully solvate in MeOH. Solid [P.S.][FeII(N2O1)Cl2(MeOH)], 8 mg, was 
added to 5 mL of MeOH (3 mM) for a concentrated iron stock and further diluted to a 1mL 
dilute iron stock solution (200 μM). Final concentration of iron in 3 mL reaction solution 
was 1 μM. Solutions were removed from the glovebox and allowed to stir in O2 for 1 h 
before 600 μL aliquots were removed to incubate with Nash reagent (vide infra). 
Reactivity in MeOH with oxygen atom donors: In an inert atmosphere glovebox, to 10 
mL of MeOH in a Schlenk flask freshly distilled (using a very slow drip rate distillation to 
decrease concentration of formaldehyde in control and reaction solutions) and thoroughly 
degassed, 5 mg of [Na][FeII(N2O3)MeOH] (1.39 mM) was added. Solution was monitored 
very closely as any color change indicated signs of oxidation. The colorless solution was 
then attached to a Schlenk manifold and very high N2 pressure was kept over solution. Into 
a reaction Schlenk flask containing 10 mL of distilled MeOH was added 16 mg of p-CN-
DMANO (10 mM) and solution was degassed in 6 successive freeze-pump-thaw cycles. 
Using very high positive N2 pressure applied via Schlenk dual-manifold, a freshly dried 
leuer-lock PTFE 10 mL glass syringe pierced septum as noticeable N2 pressure escaped. 
The plunger was inserted into syringe barrel before touching solution at the bottom of the 





DMANO solution were added to two slightly evacuated and N2 backfilled Schlenk flasks 
equipped with stir bars. From the concentrated iron stock, and using very high positive N2 
pressure, a freshly dried leuer-lock PTFE 10 μL glass syringe pierced septum and the 
plunger was inserted into syringe barrel before touching solution at the bottom of the flask 
and approximately 5 μL of iron solution was drawn into syringe. 3 μL of iron solution was 
added to one of these Schlenk flasks and was allowed to stir in an inert atmosphere for 1 h 
before 600 μL aliquots were removed to incubate with Nash reagent (vide infra). 
 Nash assay and formaldehyde standard curve: The assay was prepared no earlier than 
2 h prior to time of incubation to achieve as low background production of formaldehyde 
as possible. The standard curve was prepared as published.122 The acetylacetone was 
distilled no earlier than two weeks prior as to achieve a colorless liquid in colorimetric 
assay. 150 mL of acetylacetone was washed with 50 mL of 2M NaOH solution to achieve 
an alkaline pH. Solution emulsified and repeat washes were needed until pH > 7. Opaque 
organic phase was washed with 150 mL of DI H2O, dried over excess MgSO4, and the 
resulting yellow organic layer and was distilled achieving a colorless liquid for use in the 
assay. NH4CH3CO2, 1.542 g (20 mmol), glacial acetic acid, 30 μL (0.5 mmol), and freshly 
distilled acetylacetone, 20 μL (0.2 mmol), were mixed and diluted to 10 mL with DI H2O. 
A background sample was made of a 600 μL aliquot of the Nash reagent added to a 2 mL 
Eppendorf centrifuge tube (with a snap-shut lid) containing 600 μL of freshly distilled 
(non-still) MeOH. The control sample was made with a 600 μL aliquot of the Nash reagent 
and 600 μL of the control reaction in a 2 mL Eppendorf centrifuge tube and the reaction 





containing reaction. All samples were incubated at 58 °C for 8 minutes and the absorbance 
was measured at 412 nm using UV/Vis spectrophotometer. The concentration of 
formaldehyde was used to determine the number of catalytic turnovers after subtracting 





2.3 Results and Discussion 
2.3.1 Improved N2O1 ligand and complex synthesis 
The prior published synthetic route for the N2O1 ligand required harsh reaction 
conditions and suffered from low yields owing to the difficult isolation of the hygroscopic 
free base amine.120 The preparation of the N2O1 ligand was thus redesigned by the 
postdoctoral fellow, Dr. William Tucker, as a facile one-pot synthesis, which proceeded 
via the reductive amination of trimethylethylenediamine, and the resulting brown oil was 
freeze dried in MeCN in high purity and yield (2-2, 98% yield, Figure 2.11).185  
 
Figure 2.11. Synthesis of N2O1 ligand, 2-2, and Fe(II) N2O1 complex, 2-3.  
 
The metalation step of the ligand was also altered, decreasing the reaction time in 
the inert atmosphere glovebox from 12 hours (i.e., overnight) to ≈ 5 minutes. [Cp2Ti
III(2-
Cl)2Ti
IIICp2], the O2 sensor used in the glovebox, is a colorimetric indicator that undergoes 
vivid color changes with the exposure of the titanium metallocene to oxygen.180 However, 
the exact concentration of O2 present throughout any of the changes from the [Cp2Ti
III 
(MeCN)2]
+ (blue) species to the [Cp2Ti
IV(MeCN)2]
2+ (yellow) species is 
unidentifiable.180,186 The decrease in metalation reaction time aimed to decrease the self-






+ complex, 2-3, will react with dioxygen over a period of ≈ 2 hours to produce 
some diferric μ-oxo species.117   
2.3.2 Metal-to-ligand charge transfer band vs. π → π* energy gap trends  
As discussed in Section 2.1.1., one advantage of the use of the velut vivum model 
system is the ability to probe a wide span of cofactors whereas the native enzyme, taurine 
dioxygenase (TauD) has evolved with substrate and cofactor specificity. The enzymatic 
work of Hausinger et al. illustrates an attempt to understand the range of α-ketocarboxylic 
acids (α-KAs) with which Fe(II)TauD is capable of binding to better understand a kinetic 
model for TauD catalysis.94 It is well documented in the literature of 2-oxoglutarate-
dependent enzymes that upon the bidentate chelation of α-ketoglutarate (α-KG), a 
chromophore of low-lying metal-to-ligand charge transfer (MLCT) transitions arises in the 
visible region.98,100,142 The absence of any appreciable MLCT band observed with TauD 
other than with α-KG provided insight into possible cooperative binding effects and 
geometrical constraints of the protein matrix around the active site.94 The results of the 
model system with α-ketoisovalerate (referred in this chapter as 3-methyl-2-oxobutyrate) 
and pyruvate illustrate the indiscriminating nature of the model complex because it can 






Table 2.7. Observed MLCT bands for Fe(II)TauD in H2O and the [Fe
II(N2O1)]
+ complex, 
2-3, in MeOH with a range of α-keto acids.  
α-KA 
MLCT band observed 
Fe(II)TauD ε (M-1cm-1) [FeII(N2O1)]
+ ε (M-1cm-1) 
α-ketoglutarate Y 140 Y 125 
α-ketoadipate Y† ≈ 3 n/a ‒‒‒ 
α-ketoisovaleratea N ‒‒‒ Y 160 
α-ketocaproate N ‒‒‒ n/a ‒‒‒ 
pyruvate N ‒‒‒ Y 86 
† authors identify the absorption as 2% of the Fe(II)TauD(α-KG) adduct and as a barely detectable weak 
maximum at 540 nm by electronic absorption spectroscopy. n/a = indicating this α-KA has not yet been tested 
with the model system. a α-ketoisovalerate is synonymous with 3-methyl-2-oxobutyrate. 
 
 Although the biomimetic complex, [FeII(N2O1)]
+, was not tested with α-
ketoadipate or α-ketocaproate, significant progress was made on expanding the wide range 
of α-ketocarboxylate cofactors exposed to the model system (Table 2.8.). The table 
summarizes MLCT bands from 300 ‒ 665 nm and with varying intensities of molar 
absorptivity (ε) from 80 ‒ 800 M-1 cm-1 from 15 α-KA anaerobic adducts having bidentate 
coordination in MeOH. Previous investigation of the [FeII(N2O1)]
+ complex centered 
around the use of para-substituted benzoylformate derivatives to utilize a Hammett 
analysis based on their electron withdrawing and electron donating properties. Most α-KAs 
used are structural analogues to α-ketoglutarate with varying carbon chain lengths and 
substituents that affect the electron density at the C-2 carbonyl moiety of the α-
ketocarboxylate group.187 Unless otherwise stated, all α-KAs used in electronic absorption 
characterization of the adduct complexes were the monosodium variant to minimize 





been shown to vary the λmax value over a span of 130 nm throughout the near UV and 
visible regions (for the methyl, ethyl, isopropyl, and butyl alkyl salts).188,189 To ensure the 
equilibria between the free acid and adduct favored adduct formation, the α-KA was added 
in a 5:1 molar ratio to the Fe(II) complex. 
 
Table 2.8. Metal-to-ligand-charge transfer band energies and corresponding molar 
absorptivity of [FeII(N2O1)(α-KA)(MeOH)]
- complexes.  





oxalate 302 642 
oxalate(2-) 360 2192† 
N,N-dimethyloxamate 383 143 
2-oxobutyrate 491 139 
oxaloacetate 499 93 
α-ketoglutarate 500 125 
3-methyl-2-oxobutyrate 506 160 
4-phenylhydroxypyruvate 506 697 
pyruvate 506 86 
para-amino benzoylformate 570 810 
para-methyl benzoylformate 615 390 
benzoylformate 615 245 
para-chloro benzoylformate 635 130 
para-cyano benzoylformate 654 215 
para-nitro benzoylformate 665 80 
† Molar extinction coefficient affected by strong absorbance of the counter ion, 
tetrabutylammonium  
 
The bidentate coordination of an α-KA cofactor is well documented for both model 





to a Fe(II) model complex to produce a MLCT transition.93,98,145–147,149,150,153,190 A graph of 
the λmax of the low energy chromophores of most adduct complexes versus their molar 
absorptivity suggests no overall correlation, but there are clusters of similarly behaving α-
keto acids (Figure 2.12.). The tight-grouping of α-KAs centered around 500 nm, where the 
native cofactor α-ketoglutarate is found, is made up of five α-keto acid analogues. 
However, from a cursory comparison, the only trend in structural similarities of these five 
α-keto acids was the lack of an aromatic substituent.  
  
Figure 2.12. Left—Plot of λmax and molar absorptivity values for the anaerobic MLCT 
adduct absorbances. Right—five α-keto acid analogues grouped λmax = 491 ‒ 506 nm. 
Oxalate(2-) was not included due to the strong absorbance background of the 
tetrabutylammonium counterion.  
 
With the help of Dr. William Tucker, efforts were directed toward understanding 
the electronic structure of the free α-KA ions. The WebMO platform with a Gaussian 





with the B3LYP method and the routine 6-31G(d) basis set of the free (not metal bound) 
ion α-ketocarboxylic acids (Table A. 2.1. ‒ Table A. 2.38.).173–176 The molecular energies, 
after geometry optimization, were then calculated using the same theory and basis set with 
a singlet multiplicity. The highest occupied molecular orbital (HOMO) and lowest 
unoccupied molecular orbital (LUMO) were determined via visual inspection of the orbital 
density isosurface of the molecule. The absolute energies of the HOMO and LUMO are 
less significant than the delta (Δ) between the two energies. A plot of the π to π* gap for 
four free ion α-KAs shows the energetic difference (ΔE) between the HOMO and LUMO 
(Figure 2.13.). An overlay of anaerobic adduct electronic absorption spectra with the same 
four α-keto acids shows a trend of decreasing ΔE between the π → π* orbitals and an 
increase in λmax wavelength (Figures 2.13. and 2.14.). 
 







Figure 2.14. MLCT band electronic absorption spectra in distilled and degassed methanol. 
(Left to right): Oxalate λmax = 360 nm, N,N-dimethyloxamate λmax = 383 nm, α-KG λmax = 
500 nm, benzoylformate λmax = 615 nm. [Fe] = 1mM; [α-KA] = 2 ‒ 5mM. 
 
The ΔE was calculated for a total of 38 free ion α-KAs (Table A. 2.39.) but a 
thorough investigation of the characterization and reactivity properties focused on 15 α-
ketocarboxylates including the native, α-KG. Although there appeared to be no trend 
between the molar absorptivity and ΔE values of the adduct complexes, a strong linear 
relationship, R2 = 0.8976, was established between the calculated π → π* energy gap and 
the MLCT band λmax absorbance values (Figure 2.15.). The expansion of α-KAs beyond 
the substituted benzoylformate derivatives (p-X BF) from the work of Dr. Paul Tarves with 
the [FeII(N2O1)]
+ complex visually prompted a discussion of the location of α-ketoglutarate 
with respect to the full span of cofactors. Among the 15 cofactors explored, the energy gap 





ΔE higher, and 7 cofactors, all of the substituted benzoylformates, were calculated with a 
lower energy gap.  














Figure 2.15. Calculated energy difference (ΔE) of free ion α-KAs vs. MLCT band 
absorbances. R2 = 0.8974. All calculations carried out with Gaussian '09 
(WebMO platform) B3LYP/6-31G(d) with assistance from Dr. William Tucker, Ph.D. 
 
To further understand implications of the α-KA trend, current work by colleagues, 
undergraduate Mr. Rishab Nayak, and Dr. James McNeely, have expanded the initial 
efforts of Dr. Joshua McNally and have investigated higher order simulations (DFT) to 
calculate the energy difference of an α-ketocarboxylate bound to a metal center. As 
described in Chapter 1, due to the lack of steric constraint in homogeneous solution, 





‒F) with α-KG bound, (Chapter 1, Figures 1.20 and 1.21)  unlike TauD where the 
carboxylate group of α-KG forms a salt bridge with a nearby arginine residue in the active 
site, constraining possible geometries to two isomers.95 From experimental (EPR) as well 
as simulated (DFT) data, two dominant species were predicted in solution in a ≈75:20 
distribution for isomers E:C with the additional 4 conformations (A, B, D, and F) as higher 
energy and representing  < 5% speciation. The previous DFT simulations performed by Dr. 
Joshua McNally exclusively focused on the α-ketoglutarate-bound analogues of the 
[FeII(N2O1)]
+ system. Using ORCA with the DEF2-TZVP basis set, the PBE0 functional 
and the RIJCOSX SCF approximation along with GRIDX5, α-KG and four additional α-
ketocarboxylate-bound analogues were optimized to determine if similar isomeric 
distributions were apparent.191 From preliminary calculations using α-KG, he observed a ~ 
60:40 split of the relative E:C populations in four isomers in the system, and one ~ 40:60 
ratio (p-CN-BF) that differed from the previously calculated 74:22 ratio (Table 2.9.).191 
Owing to subtle differences of the basis set and functional of Dr. McNally’s simulations, 
necessary adjustments are being made to examine the methanol solvation model as to 
identify potential sources of varying dipole fields and to understand how they may 
influence the relative isomer populations. Table 2.9 tabulates the relative energies and 
isomeric populations of five α-KAs complexes with all but the [FeII(N2O1)(p-CN-BF)], 
referenced to lowest energy isomer E. A consistent 60:40 ratio is observed for four of the 
five complexes suggesting that indeed, similar isomeric distributions are present. 
Calculations for two additional α-KAs, oxalate and p-NH2-benzoylformate, are underway 





Table 2.9. Relative energies and populations of isomeric species for several α-
ketocarboxylate bound complexes.   
α-keto acid  
(α-KA) 
Isomer population, % (energy relative to isomer E, kcal/mol) 



































































The relative isomeric energies of the p-CN-benzoylformate are set in reference to isomer C. All geometries 
optimized using PBE0/DEF2-TZVP in methanol by Rishab Nayak. 
 
2.3.3 Magnetic circular dichroism of the [FeII(N2O1)]+ complex with various α-KA 
The strikingly high linearity between the α-KA π → π* energy gap and the 
anaerobic adduct chromophore λmax envelope spun off the quest for a greater understanding 
of the electronic coordination environment of Fe in the small molecule catalyst using 
variable-temperature variable-field magnetic circular dichroism (VTVH-MCD). This 
method has been used previously by Prof. Edward Solomon at Stanford University with 2-
oxoglutarate-dependent enzymes such as clavaminate synthase (CS) and taurine 
dioxygenase (TauD) to deconvolute the multiple transitions that occur with the bidentate 






Figure 2.16. MO energy level diagram of transitions between d-orbitals of the metal center 
and π* orbitals of the α-KA. Reproduced from Pavel.98   
 
The MO energy level diagram aids in visually representing the FeII d-orbitals prior 
to (far left) and upon (center) metal-to-ligand charge transfer, initial and final state, 
respectively, to the α-ketocarboxylate π* ligand orbitals with the heavier arrow denoting 
the transition expected to be most intense (Figure 2.16.). The superposition of these 
transitions becomes even more difficult to parse when multiple isomers are present in 
homogeneous solution. Laura Cunningham at Boston University spearheaded all sample 
preparation for the anaerobic [FeII(N2O1)]
+ complex with α-KG, N,N-dimethyloxamate,  
p-cyano benzoylformate (p-CN BF), and p-amino benzoylformate (p-NH2 BF) bound for 
study by with the Solomon and McCracken labs for VTVH-MCD and 2D-EPR 
spectroscopies, respectively.125 To a first approximation, it is thought that the MLCT band 





ketocarboxylate series. Preliminary data recorded at 2 K and 7 Tesla (prior to a planned 
full variable-temperature variable-field (VTVH) analysis) is consistent with the possibility 
of the presence of isomers that complicate the geometric designation as true 5 or 6-
coordinate species (Figure 2.17). The arrows in the spectra of the ferrous N2O1 complex 
and α-ketoglutarate bound indicate energies that will offer deeper insights into the electonic 
properties of the adduct when the VTVH MCD data are collected. The selected energies 
were chosen by the collaborator and selected energies are not shown for the lower three α-






Figure 2.17. Low-temperature near IR magnetic circular dichroism (MCD) data from 
Jeff Babicz of the Solomon Lab.192  
 
2.3.4 α-Ketocarboxylic acid binding affinity to the [FeII(N2O1)]+ complex 
Titration of the model complex with a range of monosodium salt α-KAs allowed 
for the determination of the equilibrium dissociation constant (Kd) and ultimately the 
binding affinity of each anaerobic adduct. It was of interest to determine if a relationship 
would be observed between the π → π* energy gap and the MLCT energy. Due to the fact 





transition that could show a trend. The π energy level of the α-KG moiety is independent 
of the metal, therefore the M(HOMO) → π* gap was approximated by the π → π* gap, as 
the π and M(HOMO) energy levels can be assumed to be fixed to a first level 
approximation. The anaerobic titration was monitored via electronic absorption 
spectroscopy with extreme caution taken to introduce the aliquot of α-ketocarboxylic acid 
without an introduction of O2, which would result in the rapid appearance of the strong 
absorbance of the μ-oxo species (λmax = 286 nm, ε = 19,900 M
-1cm-1).120 The absorbance 
vs. wavelength spectra for the incremental addition of 3-methyl-2-oxobutyrate are used in 
a plot of the absorbance values at λmax = 506 nm to generate a binding curve (Figure 2.18.). 
It can be observed that after the addition of 2 equivalents of α-KA, approximately ≈ 80% 
of the maximum adduct absorbance intensity is realized. Other binding affinity studies out 
of our lab123 as well as other labs143 detected similar stoichiometry for α-KG and 
benzoylformate, respectively. 
 
Figure 2.18. Left—Anaerobic titration of [FeII(N2O1)Cl2(MeOH)]
- with 3-methyl-2-
oxobutyrate sodium salt in MeOH monitored with electronic absorption spectroscopy. 
Right—Binding affinity titration data (■) and simulation (─) for a calculated dissociation 





The simulated fits of the experimental data were calculated using the generalized 
reduced gradient (GRG) Nonlinear Solver program, a “classical” nonlinear optimization 
algorithm, and the locally converged solution was taken to be the dissociation constant, 
Kd.
193 Comparison of the dissociation constants of nine α-KAs, values ranging 22 ‒ 743 
μM, and the calculated ΔEs, suggests no correlation between the Kd and MLCT band values 
(Table 2.10.). Interestingly, the relative strengths of the α-KAs binding affinities for the 
[FeII(N2O1)]
+ model complex are close to what was observed for the α-KG dissociation 
constant with Fe(II)TauD. In the absence of substrate, which has been shown to be 
necessary for O2 reactivity and is crucial to the commitment to catalysis of TauD, 
Hausinger and coworkers reported a Kd of α-KG binding to TauD to be 350 μM.





Table 2.10. Anaerobic titration Kd values of various α-KAs with [Fe
II(N2O1)]
+ complex.  






para-amino benzoylformate 22 79.5 
α-ketoglutarate 36 89.7 
para-cyano benzoylformate 138 58.2 
para-methyl benzoylformate 193 75.3 
para-nitro benzoylformate 257 37.2 
benzoylformate 410 75.6 
N,N-dimethyloxamate 535 135.0 
3-methyl-2-oxobutyrate 662 109.9 
para-chloro benzoylformate 743 74.0 
† Due to the nature of the GRG Nonlinear Solver engine, no values for estimation of uncertainty with smooth 
nonlinear data can be identified.  
 
The relatively weak binding that is seen for both the models as well as enzyme are 
not discussed at length in the literature, only that the presence of α-keto acid is responsible 
for the thousand fold increase in reactivity with O2 [for both model and enzyme].
99,100,123  
Another similarity between the biomimetic complex and TauD is the self-
inactivation observed in the absence of substrate. Whereas the [FeII(N2O1)]
+ complex 
inactivates to a diferric μ-oxo species upon abortive encounter with a reactive FeIV-oxo 
species, TauD experiences self-hydroxylation of a tyrosine residue in the presence of α-
KG and dioxygen without taurine present.101 However, due to the ability of an enzyme to 
control chemical pathways, the addition of a reductant to self-inactivated TauD 
demonstrated restoration of 60% of original reactivity.96 Studies of the velut vivum 
complex, [FeII(N2O1)]





reactions by utilizing extremely dilute metal concentrations in solution but still suffers from 
the inability to regenerate inactivated catalyst (vide infra).  
2.3.5 Aerobic catalysis of the [FeII(N2O1)]+ complex + various α-KAs 
The anaerobic adduct formation with 14 new α-KAs provided evidence for the 
bidentate chelation of an α-ketocarboxylate moiety which might result in decarboxylate 
catalysis upon reaction with dioxygen. As discussed previously, the chemistry that 
mononuclear non-heme iron model complexes aim to mimic is the selective pathway of 
heterolytic cleavage of the O ‒ O bond of dioxygen.32,139,163,164 Enzymes in the 2-
oxoglutarate-dependent family have identified a high-valent FeIV-oxo species, which is 
well characterized by EPR and Mössbauer spectroscopies, as the reactive intermediate 
responsible for the oxidative chemistry.103,132,141,142 Work of previous graduate students 
centered on mechanistic studies using α-KG, O2, and methanol suggest a working 
mechanism for the [FeII(N2O1)]
+ complex as proceeding through a high-valent FeIV-oxo 
species as well.117 Although the focus of the studies in this chapter was not to isolate or 
propose species on the catalytic cycle, the expansion of reactivity with a single cofactor, to 
a comparative study with 15 different cofactors, offers insight to the non-specific nature of 
substrate binding in the model complex, compared to TauD.  
The oxidation of methanol to formaldehyde was monitored via the colorimetric 
Nash assay (see Section 2.2.5) to test for non-trivial alkane oxidation using solely dioxygen 
as oxidant. Details in Section 2.2.5 show an extensive search to determine variables for 





capability of a majority of the α-KAs to productively activate O2 and oxidize methanol. All 
TON studies reported include a background control that contained only degassed and 
distilled methanol and the α-KA that was allowed to react in open air 3x as long as the iron-
containing reaction. The electronic absorbance of the control has been subtracted for each 
specific α-KA background to remove the possibility of errant oxidation not due solely to 
the [FeII(N2O1)(MeOH)3]
+ complex with an α-keto acid. The turnover numbers for p-NO2 
BF, p-Cl BF were not determined due to extremely low yields of pure material prohibiting 
thorough reactivity trials whereas p-NH2 BF and oxalate
(-1) were not determined due to 



















Figure 2.19. MLCT band λmax correlation with the ΔE energy gap for [Fe
II(N2O1)]
+ with 
various α-ketocarboxylic acids. Blue TONs for catalysis α-KAs given in parentheses 
measured with the Nash assay.  
 
 Interestingly, chemistry was even observed with oxalate(2-) in methanol, 
presumably producing CO2 and sparingly soluble CO3
2-, which is the first example of 
oxalate as a cofactor for C ‒ H oxidation by a small molecule synthetic catalyst that is 
capable of activating O2. To confirm these products, exposure of the [Fe
II(N2O1)(oxalate
(2-
))] catalyst with 18O2 would allow confirmation of 
18O label incorporation into these 
products by GC/MS. This observation is of long-term interest as oxalate can be 





offering a potential way to regenerate this cofactor (oxalate(2-)) from the products of the 
oxidation reaction with our Fe(II) complex.194 With the byproducts of gaseous carbon 
dioxide and aqueous carbonate ion from oxalate, the opportunities of environmentally-
friendly green chemistry of our ferrous complex and O2 become an enticing opportunity 
for future projects of the lab.  
Although no trend of reactivity was established with respect to the energy gap 
across all α-KAs, the robust reactivity of 3-methyl-2-oxobutyrate observed in methanol 
oxidation (TON = 96), was an impetus to further study reactivity capabilities of this α-
ketocarboxylate. The reactivity of 3-methyl-2-oxobutyrate with O2 and ethylbenzene was 
carried out in mixed solvent systems, ranging from 70:30 to 90:10 CH2Cl2:DMF due to 
reduced solubility of the charged small molecule catalyst. Due to the potential for the 
reactive intermediate, FeIV-oxo to react with reduced form of the catalyst (FeII), the 
substrate and α-KA cofactor were added in excesses of > 50,000 equivalents and > 500 
equivalents, respectively, as compared with the dilute 1μM ferrous catalyst in solution. 
Prior to reactivity, an internal standard, anthracene, and pure oxidation products, 1-
phenylethanol and acetophenone were subjected to thorough testing to standardize a gas 
chromatography flame ionization detector (GC-FID) method and likewise a relative 
response factor (RRF) to calculate TON. An aggregation of the data shows TON of 40 ± 
10 and 10% overoxidation of the alcohol to the ketone. In comparing this data to prior work 
of the lab, this double oxidation was observed with both cyclooctane and cyclohexene. The 
cyclic substrates gave a 3:1 ratio of cyclooctanol:cyclooctenone and 





likely due to inadequate diffusion and the rapid kinetics of the velut vivum complex with a 
long residence time of the substrate and product with the active catalyst. One explanation 
for the 10:1 ratio of 1-phenylethanol and acetophenone could be due to the higher bond 
dissociation strength of the particular C-H bonds 1-phenylethanol at 88.3 kcal/mol versus 
ethylbenzene at 85.4 ± 1.5 kcal/mol (Figure 2.20).33  
 
Figure 2.20. Bond dissociation energies for the representative C ‒ H bonds shown for 
ethylbenzene and 1-phenylethanol. 
 
Considering the thermodynamic barriers, the oxidation of ethylbenzene to 1-
phenylethanol is a more favorable process than the second oxidation pathway, 1-
phenylethanol to acetophenone, which is 3 kcal/mol higher. A future goal of catalyst 
modification would be to eradicate any presence of overoxidation, and such a system could 
be achieved in a high-flow velocity, short path, parallel flow system when immobilized on 
a resin support (see Chapter 4).  
 Other chemistry assessed upon reaction of the FeII(N2O1) complex with O2 and α-
KG focused not on C ‒ H oxidation but oxygen atom insertion such as the epoxidation of 
cyclooctene to cyclooctene oxide. Several mononuclear non-heme iron model systems 
have reported epoxidation chemistry however no examples exist using dioxygen as the 





to optimize the cyclooctene epoxidation in the mixed polarity solvent system of DCM and 
DMF, struggled to achieve high concentration of [Na][α-KG]. It became necessary to 
isolate a mono-salt α-KA with a large, organic counterion. Previous synthetic work in the 
lab isolated tetraalkylammonium salts of the α-keto carboxylic acids by reacting 
tetraalkylammonium from a 25% hydroxide solution in 0.98 molar equivalents to avoid 
poisoning the catalyst with additional base. From the chromatographs, the dominant 
overwhelming signal was triethylamine (TEA)—a byproduct possibly produced by 
hydroxide reacting with the [NEt4]
+ via a Hoffman elimination step. With the help of Dr. 
William Tucker, we designed a new synthetic route to tetraalkylammonium salts through 
tetraalkylammonium bromide and saw a significant decrease in the presence of TEA.178 
However, even with an appropriate counterion for α-KA, TON as calculated with 1-bromo-
4-tert-butylbenzene as the internal standard, never reached an appreciable catalytic amount 
(most sub-stoichiometric, some between 1-5 TON). One explanation for the system lacking 
catalytic efficiency is the requirement of mixed solvent systems with their potentially 
nonhomogeneous solvation of polar versus nonpolar species. Although using O2 as an 
oxidant is centered around its environmentally friendly and omnipresent nature, the use of 
p-CN-DMANO as an oxygen atom donor (OAD) for catalytic epoxidation chemistry is of 
great synthetic interest.   
2.3.6 FeII(N2Ox) complexes 
The geometric constraints of mononuclear non-heme oxygenase chemistry, 
needing three available fac sites for binding of an α-ketocarboxylic acid (two cis sites) and 





can support reactivity with O2. Oxidation chemistry with an OAD such as iodosyl benzene, 
however, can be done with a four- or five-coordinate [FeII(N2O2)] or [Fe
II(N2O3)] system.  
The synthetic routes to the higher coordinate metal-bound ferrous Fe(N2Ox) complexes 
differ slightly with respect to the N2O1 complex (Figure 2.21.). Both metalation syntheses 
were carried out in an inert atmosphere as it has been shown that the solid complexes, 2-6 
and 2-9, will react with low levels of O2 to produce some diferric μ-oxo species.
117  
 
Figure 2.21. Syntheses of N2O2 and N2O3 ligands, 2-4 and 2-5, and respective Fe(II) 
complexes. 
 
Central to being a successful biomimetic catalyst is proceeding through similar 
catalytic intermediates, most notably, the high-valent FeIV-oxo as observed in 
TauD.97,103,132 Instead of proceeding through the two-electron reduction of the O ‒ O bond 
of O2 followed by cleavage of both the C ‒ C bond (to form CO2) and the O ‒ O bond to 
generate the FeIV-oxo species, it was essential to choose an oxygen atom donor molecule 





CN-DMANO as an alternative to H2O2 and iodosylbenzene, which both have a history 
littered with one-electron chemistry and Lewis acid polarization, respectively.165–167 Under 
strict anaerobic conditions, the family of carboxylate ligated complexes have been shown 
to react with p-CN-DMANO in MeOH to produce formaldehyde (Table 2.11.).  
 
Table 2.11. Catalytic oxidation of methanol to formaldehyde by ferrous FeII(N2Ox) 
complexes with oxygen atom donor, p-CN-DMANO.  
Complex TONa  ΔE1/2
b 
[FeII(N2O1)Cl2(MeOH)]
- 46 (± 5)  140 mV 
[FeII(N2O2)(MeOH)2] 23 (± 9) -40 mV 
[FeII(N2O3)(MeOH)]
- 58 (± 1) -280 mV 
a Formaldehyde product determined by Nash assay. b Electrochemistry performed in 
DMSO and referenced with Fc/Fc+ as an external standard and reported vs. NHE. 
 
These data mechanistically suggest that each member of this family of complexes 
is capable of performing catalytic C ‒ H bond oxidation proceeding through a two-electron 
(FeII to FeIV=O) pathway. One would expect greater TONs for complexes with lower 
Fe(III)/Fe(II) redox potentials owing to the relationship of the redox potential of a process 
(E°), Gibbs Free energy, and equilibrium constant (Keq).
122 Although the absolute TON of 
the complexes in Table 2.11 do not correlate to these redox potentials span of over 400 
mV, the colorimetric Nash assay used to determine TONs might not be sensitive enough 
to the immediate reactivity with an OAD molecule over a span of 30 minutes. Work of 
previous graduate students relied on the use of low-temperature stopped-flow spectroscopy 
to elucidate the kinetic mechanism and predict build-up curves of reactive intermediates 
on the catalytic cycle of [FeII(N2O1)]
+ with α-KG and O2.





Rybak-Akimivoa lab at Tufts University, studies using the dual-mixing low-temperature 
stopped-flow apparatus allowed insight to extremely rapid chemical transformations of the 
FeII(N2Ox) system. A measurement of the single wavelength absorbance of each complex 
(λ = 375 nm), in distilled and degassed methanol, to p-CN-DMANO at -85 °C was recorded 
with the Hi-Tech Kinetic Studio software package (Figure 2.22.). The dip at the beginning 
of each trace is in part due to a pressure surge because of the high viscosity of solvent, 








Figure 2.22. Low-temperature stopped-flow (LT-SF) single-wavelength studies for ferrous 
N2O1, N2O2, and N2O3 complexes in distilled and degassed methanol at -85 °C with oxygen 
atom donor, p-CN-DMANO. [FeII(N2O3)]
- = 1 mM; [p-CN-DMANO] = 30 mM. N2O1 and 
N2O2 data were collected by Laura Cunningham.
125  
 
Observation of the reactivity of the complexes with dioxygen found that increasing 
carboxylate ligation increased the rate of the appearance of the diferric μ-oxo species, 
which tracks with the decrease in reduction potential.120 The most noticeable change in the 
reactivity with OAD vs O2 lies in the shift from two carboxylates to three carboxylates, as 
evidenced by the extremely rapid absorbance plateau of the [FeII(N2O3)]
- with an OAD 





spectra show a slower growth of the μ-oxo dimer, which is not fully formed for either the 
[FeII(N2O1)]
+ and [FeII(N2O2)] complexes after 25 seconds at -85 °C. The findings that the 
[FeII(N2O3)]
- complex is fully reacted to an oxidized diferric ‘dead-end’ species in < 2 
seconds at -85 °C is both extremely exciting and humbling. Exciting because the simple 
ligand system design of the Caradonna lab shows potency of the reactive intermediates and 
humbling due to the time scale needed to outcompete dimerization for productive 
chemistry to occur. Work in Chapter 4 details synthetic progress in immobilizing all three 







The field of biomimetic chemistry has successfully designed systems that look like 
the active sites of mononuclear non-heme iron enzyme classes but have not been successful 
in emulating the chemistry, for the most part. In the search for stability of crystallized 
reactive intermediates, these complexes suffered the tradeoff of either inertness to 
dioxygen or the inability to serve as oxygen atom transfer catalysts. The few examples that 
showed any reactivity with an α-ketocarboxylic acid and O2 were unable to achieve 
appreciable turnover numbers above sub-stoichiometric values. For other model complexes 
that show more robust reactivity with peroxides and oxygen atom donors, the strong 
possibility of a dominant radical chemistry pathway or Lewis acid polarization mechanism 
cast doubt on whether the chemistry mimics the mechanism of 2-oxoglutarate-dependent 
enzymes that scientists originally set out to imitate.  
The [FeII(N2O1)Cl2(MeOH)]
- system is the first example of an iron-based model 
complex to achieve homogeneous C ‒ H bond oxidation catalysis via dioxygen activation 
with the native cofactor, α-ketoglutarate. The lab has termed this non-trivial feat as the 
velut vivum model. Work is ongoing to elucidate the working mechanism and 
spectroscopically isolate pertinent species on the catalytic cycle. Of great interest to the 
group is continuing research on an expanded series of α-ketocarboxylates and 
understanding the location of α-ketoglutarate at the center of the π → π* energy gap range. 
The [FeII(N2O1)]
+ system is also the first mononuclear non-heme iron model catalyst 
capable of using oxalate as a cofactor to observe appreciable catalytic efficiency (TON = 





complex to catalytically oxidize methanol to formaldehyde with non-specific α-KAs 
highlights one of the few benefits of working with a model system versus the fine-tuned 
specificity of an enzyme. However, work is ongoing to attempt to circumvent the problems, 
such as self-inactivation and lack of temporal control, which hamper homogeneous 
solution-based catalysts. Epoxidation chemistry using an abundant earth element, like iron, 
and an environmentally-friendly oxidant, like O2, is an attractive possibility for green 
chemistry initiatives.  
A further understanding of iron-based chemistry has resulted from a series of 
carboxylate-ligated model complexes to investigate trends in reactivity. The RT as well as 
low-temperature spectroscopic studies showed a drastic increase in sensitivity to an oxygen 
atom donor (OAD) or dioxygen for the [FeII(N2O3)]
- complex as compared with the 
[FeII(N2O2)] or [Fe
II(N2O1)]
+ models. The rapid increase in reactivity is not explained by a 
slight reduction potential decrease and collaboration with Prof. Edward Solomon at 
Stanford University is in progress using variable-temperature, variable-field magnetic 
circular dichroism (VTVH-MCD) to understand the electronic environment around the 
ferrous centers. Ultimately, the biggest disadvantage to a small-molecule homogeneous 
catalyst which is extremely sensitive to O2 or an OAD is the inability to optimize a chemical 
pathway as it is heavily influenced by the thermodynamic preferences of the metal center. 
The following two chapters entail our solutions to these issues; first, shift away from 
intrinsically reactive iron, and secondly, tether a catalyst to an immobilized surface to 










































Figure A. 2.6. 13C-NMR characterization of the N2O3 ligand. 
 
Table A. 2.1. Geometry optimized coordinates for (3E)-4-(3,4-dimethoxyphenyl)-2-
oxobut-3-enoate(-1). 
 X Y Z 
C 0 0 0 
O -0.37442 1.360795 0.037215 
C -1.71721 1.646195 0.053983 
C -2.74018 0.697598 0.036281 
C -4.0812 1.086227 0.056717 
C -4.44268 2.439739 0.094272 
C -5.82852 2.91189 0.117408 
C -6.95457 2.175166 0.121957 
C -8.30863 2.823373 0.089649 
O -8.42347 4.044181 0.183016 
C -9.49282 1.822711 0.05571 
O -10.4325 2.012874 -0.73517 
O -9.29442 0.923673 0.922559 





H -5.96774 3.994026 0.138669 
C -3.39789 3.391269 0.111091 
C -2.05848 3.017652 0.09221 
O -1.0005 3.891027 0.107304 
C -1.29544 5.273014 0.147406 
H -0.33028 5.785617 0.154552 
H -1.86929 5.594623 -0.73298 
H -1.85658 5.545532 1.052192 
H -3.66673 4.441693 0.140343 
H -4.85273 0.323276 0.043585 
H -2.49956 -0.35977 0.007175 
H 1.092792 -0.01226 -0.00726 
H -0.36109 -0.54901 0.881623 
H -0.37233 -0.50321 -0.90404 
 
Table A. 2.2. Geometry optimized coordinates for 2-cyclobutyl-2-oxoacetate(-1). 
 X Y Z 
C 0 0 0 
C -0.85365 -1.1645 0.568096 
C -2.11707 -0.27147 0.448941 
C -1.31074 0.649423 -0.51856 
H -1.51301 0.381834 -1.56129 
H -1.4517 1.72659 -0.39859 
C -3.38665 -0.89887 -0.13681 
C -4.68342 -0.07356 0.076768 
O -5.71459 -0.67346 0.436009 
O -4.46724 1.146637 -0.16436 
O -3.29961 -1.91182 -0.82305 
H -2.35299 0.267846 1.371617 
H -0.9421 -1.99928 -0.13525 
H -0.59077 -1.55403 1.559482 
H 0.461127 0.596369 0.797729 
H 0.777672 -0.24676 -0.73565 
 
Table A. 2.3. Geometry optimized coordinates for 2-napthylpyruvate(-1). 
 X Y Z 
C 0 0 0 
C 1.437928 0.348611 0.241742 
C 2.4012 -0.6282 0.416147 





C 4.764511 -1.31547 0.799376 
C 6.085553 -0.98004 1.000006 
C 6.477473 0.380889 1.043453 
C 5.53606 1.37494 0.885372 
C 4.166834 1.062129 0.677034 
C 3.165418 2.056018 0.509023 
C 1.850058 1.714165 0.302097 
H 1.09538 2.485102 0.196344 
H 3.457761 3.103904 0.551647 
H 5.831104 2.422327 0.91973 
H 7.522314 0.637047 1.203599 
H 6.832871 -1.76011 1.127271 
H 4.461403 -2.36026 0.767008 
H 2.110229 -1.67705 0.38435 
C -1.02829 0.592803 1.010716 
C -2.44653 -0.035 0.878395 
O -2.84442 0.022493 -0.31444 
O -2.96777 -0.49019 1.913278 
O -0.73563 1.536354 1.728176 
H -0.34846 0.370882 -0.97257 
H -0.14091 -1.08639 -0.03898 
 
Table A. 2.4. Geometry optimized coordinates for 2-oxo-2-thiophenylacetate(-1).  
 X Y Z 
C 0 0 0 
C 0.047993 1.373434 0.000236 
C -1.25164 1.946368 -3.1E-05 
C -2.26907 1.016386 -5.6E-05 
S -1.63092 -0.609 -0.00016 
C -3.72493 1.357679 -0.00012 
O -4.04726 2.539238 -0.00034 
C -4.75965 0.171684 0.000018 
O -5.95838 0.493761 0.000334 
O -4.21101 -0.96851 -0.00017 
H -1.47084 3.00882 -2.7E-05 
H 0.967844 1.952831 0.000402 





Table A. 2.5. Geometry optimized coordinates for 2-oxo-4-methylthiobutanoate(-1).  
 X Y Z 
C 0 0 0 
S -1.33861 -1.20629 -0.30984 
C -2.79863 -0.12834 0.000562 
C -4.10065 -0.88864 -0.22031 
C -5.33579 0.012954 -0.0186 
O -5.18937 1.196779 0.262206 
C -6.69927 -0.7243 -0.12232 
O -6.75905 -1.68829 0.684926 
O -7.51286 -0.28821 -0.96092 
H -4.14766 -1.30301 -1.23789 
H -4.2107 -1.73728 0.461516 
H -2.75016 0.246195 1.028036 
H -2.74849 0.7384 -0.66645 
H 0.954006 -0.51149 -0.16047 
H -0.0643 0.849498 -0.68871 
H -0.03062 0.372191 1.029859 
 
Table A. 2.6. Geometry optimized coordinates for 2-oxobutyrate(-1).  
 X Y Z 
C 0 0 0 
C -1.04876 1.028798 -0.45228 
O -0.69399 2.105004 -0.92159 
C -2.52094 0.553387 -0.32962 
O -3.28038 1.240249 0.385219 
O -2.72199 -0.50352 -0.98548 
C 1.441978 0.458994 -0.20379 
H 1.642099 0.650695 -1.26379 
H 1.631503 1.399035 0.326681 
H 2.159692 -0.29215 0.15274 
H -0.1957 -0.22562 1.059985 
H -0.22164 -0.92674 -0.54053 
 
Table A. 2.7. Geometry optimized coordinates for 2-oxopentanoate(-1). 
 X Y Z 
C 0 0 0 
C -1.23007 0.860382 -0.30768 





C -3.79978 0.993297 -0.33117 
O -3.68066 2.160885 -0.68755 
C -5.14939 0.242185 -0.1806 
O -5.95601 0.69054 0.660516 
O -5.21307 -0.75183 -0.95191 
H -2.65051 -0.76094 -0.69334 
H -2.61419 -0.2283 0.972042 
H -1.2087 1.776496 0.296613 
H -1.19519 1.201578 -1.35028 
H 0.936467 0.544396 -0.18484 
H 0.007308 -0.32393 1.049537 
H 0.016148 -0.90742 -0.61832 
 
Table A. 2.8. Geometry optimized coordinates for 3-methyl-2-oxobutyrate(-1). 
 X Y Z 
C 0 0 0 
C -0.05171 1.44045 0.52545 
C -0.83442 1.525831 1.848837 
H -0.89765 2.567063 2.186828 
H -1.85759 1.136992 1.735299 
H -0.30494 0.948482 2.612229 
C 1.353244 2.057041 0.736233 
C 2.474706 1.095114 1.194913 
O 3.454229 0.949678 0.437169 
O 2.200739 0.564338 2.308067 
O 1.487302 3.270545 0.61569 
H -0.54609 2.087954 -0.21387 
H 0.566125 -0.0627 -0.93706 
H 0.497834 -0.64167 0.73358 
H -1.0117 -0.38951 -0.18253 
 
Table A. 2.9. Geometry optimized coordinates for 4-hydroxyphenylpyruvate(-1). 
 X Y Z 
C 0 0 0 
C 1.467888 -0.21655 -0.24083 
C 2.294294 0.826842 -0.68338 
C 3.660224 0.650404 -0.90475 
C 4.233339 -0.60341 -0.68916 
C 3.432819 -1.66308 -0.25647 





H 1.452146 -2.30436 0.274976 
H 3.876561 -2.64604 -0.09367 
O 5.589204 -0.74441 -0.91392 
H 5.816685 -1.67322 -0.75498 
H 4.288219 1.468935 -1.2456 
H 1.855188 1.806851 -0.85994 
C -0.97271 -0.96255 -0.74094 
C -2.45442 -0.49347 -0.69983 
O -3.05164 -0.38761 -1.78797 
O -2.81931 -0.28148 0.486471 
O -0.58395 -2.03022 -1.19064 
H -0.26386 -0.12619 1.05806 
H -0.2875 1.030537 -0.241 
 
Table A. 2.10. Geometry optimized coordinates for 4-phenyl-2-oxobutyrate(-1). 
 X Y Z 
C 0 0 0 
C 1.40606 0.287887 -0.46853 
C 2.051776 1.488872 -0.13397 
C 3.340907 1.770117 -0.58679 
C 4.020845 0.85106 -1.38954 
C 3.394414 -0.34892 -1.73214 
C 2.104794 -0.6239 -1.27496 
H 1.625527 -1.56294 -1.54468 
H 3.91265 -1.07549 -2.35476 
H 5.026613 1.067229 -1.74267 
H 3.816986 2.708729 -0.3105 
H 1.529553 2.210839 0.490592 
C -1.08031 0.566713 -0.93496 
C -2.50891 0.209206 -0.49009 
C -3.63337 0.894469 -1.31389 
O -4.42595 0.145954 -1.92005 
O -3.54903 2.148264 -1.24215 
O -2.68863 -0.51454 0.482793 
H -1.02955 1.657991 -1.00967 
H -0.94185 0.189852 -1.95988 
H -0.15639 -1.08056 0.098556 






Table A. 2.11. Geometry optimized coordinates for 5-carboxy-2-oxo-pentanoate(-1). 
 X Y Z 
C 0 0 0 
C -1.33248 0.733871 -0.14231 
C -2.52421 -0.20753 0.041388 
C -3.8765 0.448948 -0.10678 
O -4.89356 -0.43889 0.120267 
H -5.71026 0.079245 -0.00533 
O -4.10864 1.603538 -0.39115 
H -2.48663 -1.03731 -0.67931 
H -2.50222 -0.69147 1.028213 
H -1.38711 1.553167 0.583264 
H -1.38824 1.21424 -1.12521 
C 1.233363 0.909121 -0.13913 
C 2.592804 0.156921 -0.1033 
O 3.421938 0.527779 0.752139 
O 2.636369 -0.75576 -0.97083 
O 1.094054 2.112454 -0.32188 
H 0.117787 -0.79685 -0.74325 
H 0.069048 -0.50072 0.979545 
 
Table A. 2.12. Geometry optimized coordinates for α-ketoadipate(-1). 
 X Y Z 
C 0 0 0 
C 1.249745 0.871632 0.022519 
C 2.500707 0.064335 -0.38914 
C 3.850189 0.735018 -0.04617 
O 4.608208 0.115239 0.726886 
O 3.950839 1.855302 -0.6081 
O 2.363114 -0.98657 -1.00874 
H 1.152489 1.705638 -0.68063 
H 1.414201 1.329351 1.004506 
C -1.31979 0.735303 -0.10005 
O -2.42612 -0.07021 0.056198 
H -2.12192 -0.98225 0.196162 
O -1.48372 1.911096 -0.31239 
H -0.03147 -0.65364 0.885096 






Table A. 2.13. Geometry optimized coordinates for α-ketocaproate(-1). 
 X Y Z 
C 0 0 0 
C 1.344105 -0.699 0.237406 
C 2.554709 0.188934 -0.07432 
C 3.898085 -0.50087 0.15729 
C 5.118582 0.395735 -0.11046 
O 4.963553 1.558716 -0.46769 
C 6.490089 -0.31519 0.03765 
O 6.579956 -1.30898 -0.73135 
O 7.285794 0.158651 0.875023 
H 3.976515 -0.86402 1.194961 
H 4.019914 -1.39 -0.47235 
H 2.502866 0.531246 -1.117 
H 2.510228 1.104297 0.53189 
H 1.39736 -1.03661 1.283345 
H 1.392112 -1.61207 -0.37434 
H -0.09185 0.898425 0.623903 
H -0.09895 0.318301 -1.04582 
H -0.84981 -0.6558 0.231174 
 
Table A. 2.14. Geometry optimized coordinates for α-ketoglutarate(-1). 
 X Y Z 
C 0 0 0 
C -1.28137 0.855421 -0.006 
O -1.19876 2.07902 -0.00506 
C -2.60799 0.054597 -0.09221 
O -3.42448 0.185622 0.8392 
O -2.63552 -0.63029 -1.1487 
C 1.228982 0.820388 -0.39803 
C 2.530124 0.248215 0.088255 
O 2.745397 -0.27843 1.162063 
O 3.540473 0.400608 -0.82351 
H 4.324602 0.019031 -0.38609 
H 1.279661 0.969844 -1.48053 
H 1.103717 1.821679 0.042962 
H 0.131421 -0.39079 1.018848 






Table A. 2.15. Geometry optimized coordinates for α-ketoglutarate(-2). 
 X Y Z 
C 0 0 0 
C 1.31601 0.731223 -0.27815 
O 1.340127 1.88594 -0.70636 
C 2.62579 -0.04452 0.03424 
O 3.31866 -0.40969 -0.94734 
O 2.827162 -0.19823 1.26985 
C -1.26784 0.856928 0.032841 
C -2.61965 0.064274 -0.10993 
O -2.58713 -0.97818 -0.82003 
O -3.61431 0.582334 0.46927 
H -1.31038 1.463684 0.947346 
H -1.21058 1.577193 -0.79782 
H -0.13816 -0.76201 -0.78345 
H 0.13613 -0.56699 0.930431 
 
Table A. 2.16. Geometry optimized coordinates for benzodioxol-5-yl 2-oxopropanoate(-
1). 
 X Y Z 
C 0 0 0 
O 0.139378 1.419362 0.068018 
C 1.500262 1.634974 -0.10706 
C 2.105994 0.463698 -0.54808 
O 1.142074 -0.53034 -0.66384 
C 3.450417 0.387026 -0.84482 
C 4.223293 1.562358 -0.68194 
C 3.598042 2.733962 -0.23148 
C 2.223813 2.797921 0.061957 
H 1.753856 3.71442 0.40501 
H 4.202425 3.62762 -0.09823 
C 5.698339 1.54913 -0.97494 
C 6.539385 0.498052 -0.18775 
C 8.050664 0.852919 -0.09015 
O 8.506799 1.136799 -1.22878 
O 8.579546 0.813585 1.036072 
O 6.035134 -0.55145 0.181737 
H 5.891711 1.311195 -2.02942 
H 6.139506 2.538644 -0.81923 





H -0.0582 -0.41196 1.022042 
H -0.90114 -0.2488 -0.56868 
 
Table A. 2.17. Geometry optimized coordinates for benzoylformate(-1). 
 X Y Z 
C 0 0 0 
C -0.36811 -1.34869 0.020229 
C 0.617318 -2.33577 -0.07044 
C 1.963793 -1.98308 -0.17565 
C 2.33966 -0.63187 -0.1934 
C 1.344275 0.351495 -0.10925 
H 1.660921 1.39058 -0.13522 
C 3.790729 -0.18478 -0.26554 
C 4.887867 -1.25571 -0.04605 
O 4.858892 -2.13991 -0.94559 
O 5.623362 -1.11577 0.948514 
O 4.029223 0.994856 -0.51589 
H 2.745269 -2.72992 -0.27603 
H 0.333451 -3.38678 -0.0647 
H -1.41693 -1.62821 0.104892 
H -0.76349 0.773433 0.070092 
 
Table A. 2.18. Geometry optimized coordinates for bromopyruvate(-1). 
 X Y Z 
C 0 0 0 
Br -1.89073 0.671521 0.000008 
C 1.049647 1.120057 -0.00011 
C 2.518883 0.518136 -1.1E-05 
O 3.446929 1.341473 0.000259 
O 2.505964 -0.74245 -0.00022 
O 0.759244 2.296395 -0.00028 
H 0.096423 -0.62914 0.882556 






Table A. 2.19. Geometry optimized coordinates for isopropylanilinooxoacetate(-1). 
 X Y Z 
C 0 0 0 
N 0.708397 1.297018 -0.14771 
C 2.12886 1.27908 -0.15883 
C 2.821172 0.317769 -0.91723 
C 4.212786 0.241398 -0.87929 
C 4.947675 1.135685 -0.09962 
C 4.266433 2.107711 0.636592 
C 2.874548 2.178458 0.623508 
H 2.348681 2.951436 1.175154 
H 4.82304 2.819574 1.242591 
H 6.033889 1.081705 -0.07394 
H 4.722647 -0.51214 -1.47679 
H 2.264637 -0.36179 -1.55648 
C -0.04472 2.487024 -0.24106 
O -1.27301 2.430639 -0.15812 
C 0.700052 3.829257 -0.5112 
O 0.939951 4.031838 -1.71832 
O 0.915971 4.52096 0.513721 
C -0.77442 -0.0802 1.327048 
H -0.10398 0.123903 2.169851 
H -1.58283 0.651483 1.339277 
H -1.19211 -1.08808 1.457653 
C -0.88217 -0.33517 -1.212 
H -0.29251 -0.31991 -2.136 
H -1.31641 -1.3378 -1.09712 
H -1.68663 0.396018 -1.30528 
H 0.792838 -0.75233 0.052557 
 
Table A. 2.20. Geometry optimized coordinates for meso-glyoxylate(-2). 
 X Y Z 
C 0 0 0 
O 0.942576 0.805329 0.222098 
C 0 -1.34505 0.790098 
C 0 -2.69011 0 
O -0.94258 -3.49544 0.222098 
O 1.005542 -2.83593 -0.75068 





O -1.00554 0.145819 -0.75068 
 
Table A. 2.21. Geometry optimized coordinates for methylglyoxylate(-1). 
 X Y Z 
C 0 0 0 
O 1.383885 -0.32879 -0.0001 
C 2.236527 0.760097 -2.7E-05 
C 3.728469 0.317998 0.000053 
O 4.212694 0.181826 1.143752 
O 4.212909 0.182214 -1.1436 
O 1.785475 1.892594 0.000285 
H -0.5386 -0.9527 -6.9E-05 
H -0.27501 0.584525 0.886198 
H -0.27509 0.584702 -0.88605 
 
Table A. 2.22. Geometry optimized coordinates for N,N-dimethyloxamate(-1). 
 X Y Z 
C 0 0 0 
N 1.3184 0.588421 0.014464 
C 2.436129 -0.23064 -0.16401 
C 3.846765 0.449066 -0.06207 
O 4.561751 0.004335 0.856708 
O 4.067305 1.340609 -0.924 
O 2.285575 -1.43468 -0.38202 
C 1.387113 2.018772 0.217651 
H 1.062176 2.302956 1.233769 
H 2.409458 2.351243 0.035748 
H 0.723472 2.535284 -0.49577 
H 0.12193 -1.07425 -0.15046 
H -0.53338 0.182515 0.948237 
H -0.61951 0.415774 -0.81276 
 
Table A. 2.23. Geometry optimized coordinates for napthylglyoxylate(-1). 
 X Y Z 
C 0 0 0 
C 1.05392 0.887789 0.032402 





C -0.48117 2.758703 -0.05631 
C -1.59127 1.870717 -0.09173 
C -1.34324 0.457325 -0.06195 
C -2.45695 -0.42611 -0.09745 
C -3.74571 0.051744 -0.15588 
C -3.99827 1.452553 -0.18737 
C -2.93096 2.329347 -0.15718 
H -3.14523 3.395056 -0.18757 
C -5.40567 2.029092 -0.19851 
C -6.58156 1.05247 0.042586 
O -7.29287 1.233644 1.045774 
O -6.62896 0.184098 -0.87315 
O -5.54927 3.225891 -0.43591 
H -4.60113 -0.6137 -0.21194 
H -2.27032 -1.49894 -0.08454 
H -0.67442 3.829342 -0.07894 
H 1.64808 2.977132 0.028655 
H 2.076581 0.519799 0.0802 
H 0.183965 -1.07281 0.021421 
 
Table A. 2.24. Geometry optimized coordinates for oxalate(-1). 
 X Y Z 
C 0 0 0 
C 1.551758 -0.0754 0.094384 
O 2.229873 -0.7075 0.889437 
O 2.188137 0.685155 -0.86252 
H 3.136006 0.534343 -0.67283 
O -0.50129 -0.87929 -0.73175 
O -0.49985 0.919218 0.682002 
 
Table A. 2.25. Geometry optimized coordinates for oxalate(-2). 
 X Y Z 
C 0 0 0 
C -1.57309 0.000377 0.001128 
O -2.15264 0.752728 0.84945 
O -2.15414 -0.75077 -0.84723 
O 0.579881 0.84943 -0.75083 






Table A. 2.26. Geometry optimized coordinates for oxaloacetate(-1). 
 X Y Z 
C 0 0 0 
C -1.05864 -1.0017 -0.56374 
C -2.53343 -0.46622 -0.4379 
O -2.60867 0.768872 -0.66268 
O -3.39299 -1.31716 -0.14522 
O -0.72332 -2.04727 -1.08538 
C 1.408124 -0.43202 -0.24301 
O 1.806734 -0.19391 -1.52671 
H 2.695641 -0.58996 -1.58318 
O 2.160873 -0.96213 0.552953 
H -0.23455 0.959072 -0.46705 
H -0.16547 0.096199 1.077909 
 
Table A. 2.27. Geometry optimized coordinates for oxaloacetate(-2). 
 X Y Z 
C 0 0 0 
C 1.095369 -0.32491 1.023515 
O 0.864546 -0.66346 2.181205 
C 2.554726 -0.16217 0.501365 
O 2.94551 1.033771 0.410565 
O 3.169829 -1.22624 0.230069 
C -1.50655 -0.16448 0.417741 
O -2.01974 -1.2924 0.182831 
O -2.05468 0.859885 0.907824 
H 0.195098 1.037131 -0.31011 
H 0.211951 -0.63659 -0.87455 
 
Table A. 2.28. Geometry optimized coordinates for para-chloro benzoylformate(-1). 
 X Y Z 
C 0 0 0 
C -0.49095 -1.30453 -0.01477 
C 0.360229 -2.40512 -0.09516 
C 1.7381 -2.1923 -0.15736 
C 2.262148 -0.89191 -0.14139 
C 1.378574 0.192545 -0.06702 
H 1.804321 1.192009 -0.06634 





C 4.720348 -1.79335 0.060628 
O 4.587715 -2.66472 -0.84267 
O 5.464024 -1.74197 1.055812 
O 4.121667 0.548342 -0.38447 
H 2.433344 -3.02117 -0.24976 
H -0.04961 -3.41022 -0.11552 
Cl -2.24598 -1.5679 0.067407 
H -0.68475 0.840425 0.063249 
 
Table A. 2.29. Geometry optimized coordinates for para-cyano benzoylformate(-1). 
 X Y Z 
C 0 0 0 
C -0.51654 -1.30936 -0.01686 
C 0.363119 -2.40505 -0.10367 
C 1.736405 -2.19395 -0.1688 
C 2.256426 -0.89036 -0.14945 
C 1.373105 0.196298 -0.06802 
H 1.801539 1.194179 -0.06492 
C 3.7506 -0.59553 -0.16474 
O 4.111077 0.556146 -0.39018 
C 4.715059 -1.78441 0.059496 
O 4.578799 -2.63738 -0.86135 
O 5.455311 -1.75083 1.055736 
H 2.434981 -3.01904 -0.26555 
H -0.04138 -3.41297 -0.12623 
C -1.93142 -1.52295 0.050817 
N -3.08288 -1.69349 0.105908 
H -0.68221 0.843158 0.065814 
 
Table A. 2.30. Geometry optimized coordinates for para-fluoro benzoylformate(-1). 
 X Y Z 
C 0 0 0 
C -0.42963 -1.32227 0.000887 
C 0.457536 -2.3893 -0.07841 
C 1.825174 -2.12212 -0.1563 
C 2.295502 -0.80007 -0.15684 
C 1.369048 0.249084 -0.08275 
H 1.756027 1.264011 -0.0949 
C 3.773695 -0.45352 -0.20047 





O 4.69147 -2.48606 -0.87611 
O 5.536216 -1.5134 1.011131 
O 4.095232 0.710364 -0.42923 
H 2.553845 -2.92142 -0.24921 
H 0.072841 -3.40523 -0.08539 
F -1.76466 -1.57852 0.079757 
H -0.73096 0.801428 0.064309 
 
Table A. 2.31. Geometry optimized coordinates for para-methylbenzoyl formate(-1). 
 X Y Z 
C 0 0 0 
C 1.486134 0.2743 -0.05849 
C 1.979586 1.586105 -0.05766 
C 3.347966 1.834583 -0.14193 
C 4.267629 0.781349 -0.22075 
C 5.749122 1.112101 -0.2602 
O 6.085839 2.272706 -0.48666 
C 6.752165 -0.04708 -0.03991 
O 6.66724 -0.91343 -0.95318 
O 7.479477 0.018198 0.968479 
C 3.780513 -0.53392 -0.22131 
C 2.410141 -0.77735 -0.14112 
H 2.047218 -1.80491 -0.14644 
H 4.497665 -1.34389 -0.31173 
H 3.739878 2.848056 -0.1462 
H 1.279707 2.418832 0.012589 
H -0.42048 -0.17635 -1.00078 
H -0.22268 -0.89047 0.600552 
H -0.54681 0.844509 0.435651 
 
Table A. 2.32. Geometry optimized coordinates for para-amino benzoylformate(-1). 
 X Y Z 
N 0 0 0 
C 1.389582 0.26018 -0.03355 
C 1.869878 1.579291 -0.03374 
C 3.236654 1.826267 -0.11487 
C 4.165313 0.779597 -0.18926 
C 5.640849 1.115658 -0.2161 
O 5.978244 2.279867 -0.4273 





O 6.570673 -0.92157 -0.8891 
O 7.372867 0.039475 1.021284 
C 3.680055 -0.53661 -0.19688 
C 2.31308 -0.79287 -0.12245 
H 1.949545 -1.8202 -0.13936 
H 4.400582 -1.34383 -0.28696 
H 3.622785 2.842077 -0.11761 
H 1.162158 2.406118 0.03048 
H -0.21791 -0.90188 0.410822 
H -0.52191 0.726107 0.479647 
 
Table A. 2.33. Geometry optimized coordinates for para-dimethylamino 
benzoylformate(-1). 
 X Y Z 
C 0 0 0 
N 0.548935 1.335896 0.129198 
C 1.969492 1.455663 0.143774 
C 2.558663 2.731555 0.038895 
C 3.939239 2.875914 0.024773 
C 4.792358 1.765216 0.106927 
C 6.289954 1.995053 0.12852 
O 6.718862 3.109629 -0.16625 
C 7.197609 0.796373 0.504168 
O 7.094134 -0.14989 -0.32398 
O 7.881432 0.912952 1.538602 
C 4.210676 0.496094 0.191552 
C 2.822707 0.341736 0.215076 
H 2.411388 -0.65953 0.295892 
H 4.869799 -0.36634 0.219264 
H 4.397581 3.857047 -0.06549 
H 1.923576 3.608934 -0.06079 
C -0.17388 2.12601 1.118279 
H -1.23456 2.177054 0.841548 
H -0.10655 1.69961 2.137625 
H 0.215583 3.144169 1.156258 
H -1.07789 0.077653 -0.18702 
H 0.458724 -0.51217 -0.85051 






Table A. 2.34. Geometry optimized coordinates for para-nitro benzoylformate(-1). 
 X Y Z 
N 0 0 0 
O 0.726148 0.997899 0.08112 
O 0.434148 -1.15678 -0.03001 
C -1.44535 0.199297 -0.0635 
C -1.95204 1.502218 -0.05293 
C -3.32779 1.679034 -0.11628 
C -4.19844 0.579567 -0.18898 
C -5.69499 0.858023 -0.19096 
O -6.07278 2.002468 -0.42346 
C -6.64371 -0.34042 0.049227 
O -6.50164 -1.18583 -0.87842 
O -7.37684 -0.31989 1.04949 
C -3.66246 -0.71913 -0.19935 
C -2.28692 -0.91493 -0.13779 
H -1.85408 -1.90787 -0.15356 
H -4.35029 -1.55373 -0.28724 
H -3.76781 2.671531 -0.1178 
H -1.26678 2.339636 0.00224 
 
Table A. 2.35. Geometry optimized coordinates for para-methoxy benzoylformate(-1). 
 X Y Z 
C 0 0 0 
O -0.66569 1.24473 0.005691 
C -2.04283 1.234604 -0.06307 
C -2.66058 2.493092 -0.04375 
C -4.04469 2.581145 -0.1096 
C -4.84638 1.431216 -0.1884 
C -6.35305 1.594826 -0.21228 
O -6.81983 2.715467 -0.40884 
C -7.21997 0.32581 -0.00843 
O -7.03094 -0.5246 -0.9214 
O -7.95859 0.305758 0.993824 
C -4.21587 0.182597 -0.21124 
C -2.82305 0.076592 -0.15037 
H -2.36375 -0.90631 -0.17904 
H -4.83962 -0.70073 -0.30892 
H -4.5462 3.544942 -0.10299 





H 1.067831 0.225109 0.070113 
H -0.29279 -0.6261 0.85508 
H -0.1886 -0.56271 -0.92561 
 
Table A. 2.36. Geometry optimized coordinates for pyruvate(-1). 
 X Y Z 
C 0 0 0 
C -0.89005 -1.13448 -0.51882 
C -2.4141 -0.83852 -0.47124 
O -3.12663 -1.63121 0.179526 
O -2.70165 0.206339 -1.11385 
O -0.38687 -2.15088 -0.98361 
H -0.23691 0.91312 -0.55355 
H -0.22673 0.197672 1.056917 
H 1.059323 -0.26012 -0.1061 
 
Table A. 2.37. Geometry optimized coordinates for tert-butyldimethylsilylglyoxylate(-1). 
 X Y Z 
Si 0 0 0 
C -1.73815 0.865554 0.116495 
C -2.93091 -0.12347 0.068529 
O -4.01957 0.202888 -0.43025 
O -2.55028 -1.20954 0.6101 
O -1.82322 2.057597 0.402956 
C 0.579501 -0.59765 1.710322 
H -0.12253 -1.35216 2.077311 
H 1.589234 -1.03035 1.678813 
H 0.592723 0.231443 2.429106 
C 0.04899 -1.43376 -1.24458 
H -0.72355 -2.15584 -0.96573 
H -0.16292 -1.0848 -2.26346 
H 1.026884 -1.9344 -1.26006 
C 1.224748 1.348749 -0.57757 
H 1.067686 2.261879 0.009063 
H 2.274802 1.045196 -0.4697 






Table A. 2.38. Geometry optimized coordinates for thiomethylglyoxylate(-1). 
 X Y Z 
C 0 0 0 
S 1.478415 -1.0857 -0.0003 
C 2.793851 0.233825 -0.00034 
C 4.237233 -0.44247 -0.00027 
O 5.179693 0.365747 -1.4E-05 
O 4.175994 -1.6913 -0.0002 
O 2.524985 1.409043 -0.00036 
H -0.6112 -0.17719 -0.89133 
H -0.61132 -0.1784 0.890953 
H 0.353528 1.037466 0.000498 
 
Table A. 2.39. Molecular orbital energies and resulting energy difference. 
Molecule 






p-NO2 benzoylformate -34.074 3.156 37.230 
p-CN benzoylformate -31.633 26.537 58.170 
(3E)-4-(3,4-dimethoxyphenyl)-2-oxo-3-butenoate -19.949 39.715 59.664 
Napthylglyoxylate -23.845 36.396 60.241 
p-Cl benzoylformate -26.387 47.590 73.977 
benzoylformate -19.095 56.551 75.646 
p-Me benzoylformate -18.568 56.702 75.270 
p-F benzoylformate -21.963 55.535 77.497 
2-oxo-2-thiophenylacetate -27.610 50.201 77.811 
p-Me2N benzoyl formate -15.587 63.196 78.784 
p-OMe benzoylformate -18.141 60.862 79.003 
p-NH2 benzoylformate -15.876 63.642 79.518 
tert-butylsilyl glyoxylate -18.524 69.509 88.033 
α-ketoglutarate(1-) -18.681 70.984 89.665 
(isopropylanilino)(oxo)acetate -24.165 67.533 91.698 
bromopyruvate -27.510 74.341 101.851 
oxaloacetate -22.515 80.716 103.232 
2-oxo-4-methylthiobutanoate -16.001 88.730 104.731 
meso-glyoxylate(2-) 99.774 204.568 104.794 
2-cyclobutyl-2-oxoacetate -13.015 91.943 104.957 
3-(1,3-benzodioxol-5-yl)-2-oxopropanoate -19.039 89.163 108.201 





thiomethyl glyoxylate -28.865 80.321 109.187 
2-napthylpyruvate -20.708 89.106 109.814 
3-methyl-2-oxobutyrate -11.603 98.299 109.902 
α-ketoadipate -18.863 91.152 110.015 
5-carboxy-2-oxopentanoate -13.692 96.693 110.385 
α-ketocaproate -10.486 100.596 111.082 
pyruvate -7.693 103.426 111.119 
2-oxopentanoate -10.021 101.136 111.157 
4-phenyl-2-oxobutyrate -14.872 96.354 111.226 
2-oxobutyrate -9.180 102.196 111.377 
alpha-ketoglutarate(2-) 62.010 176.675 114.665 
oxaloacetate(2-) 75.351 193.348 117.997 
oxalate(2-) 142.131 272.477 130.346 
N,N-dimethyloxamate -14.132 120.865 134.996 
methyloxalate(1-) -16.855 121.103 137.958 







Chapter 3: Metal Ion d-electron Count and its Implications in Reactivity Trends for 
the N2Ox Ligand Complex Series 
 
3.1 Introduction 
3.1.1 Transition metals and the “oxo wall” 
  The utility of iron in biomimetic model catalysts derives from its abundance, 
ready availability, cost, and most importantly, its relative thermodynamic and kinetic 
characteristics versus the small molecules it activates that allow the diverse chemical 
processes observed within the plurality of metalloproteins.195–198 Many of these metallo-
enzymes utilize dioxygen and two reducing equivalents and protons (and frequently under 
in vitro conditions also function with activated oxidants such as H2O2 or an oxygen atom 
donor (OAD) molecule (e.g. m-CPBA) to generate high-valent metal-oxo intermediates 
capable of performing challenging and highly selective oxidations.93,139,199,200 In the case 
of the velut vivum7 model (Chapter 2) of the Caradonna lab, current spectroscopic 
characterization of the FeIV-oxo reactive intermediate species is underway. In addition to 
iron, the presence of the Mn+-oxo moiety is well documented within the target subclass of 
octahedral transition metal complexes, at metal centers with no more than four d-electrons 




7 Velut vivum translated “as if living” devised by Profs. Loren J. Samons II and Patricia J. Johnson of 






Figure 3.1. Transition metals as categorized by early transition metals (blue; Groups 3-6) 
often forming stable six-coordinate metal-oxo complexes, mid-transition elements (orange; 
Groups 7-8) having reactive and frequently studied Mn+-oxo units, and late transition 
elements (red; Groups 9-12) incapable of forming high valent metal-oxo six-coordinate 
species. “Oxo wall” denoted after Group 8. Reproduced from O’Halloran et al.205  
 
Although the majority of the work of the Caradonna lab has focused on O2 
activation with iron, the issues raised in Chapter 2 with a rapid self-inactivation pathway 
after the formation of the reactive intermediate has driven our research toward less O2 
sensitive metals. To date, no stable high-valent metal-oxo intermediates are documented 
for any octahedral, six-coordinate transition metal center to the right of Group 8, a trend 
referred to colloquially as the ‘oxo-wall’ (Figure 3.1.).201,205,206 Thus, attention was turned 
towards the neighboring transition metals of manganese and chromium, both with a rich 
history of catalysis proceeding through a high-valent metal oxo.  
3.1.2 (salen)Metal complexes for epoxidation chemistry 
 The literature is rife with examples of both the reactivity and spectroscopic and 
structural characterization of porphyrin-oxo complexes for chromium,207 manganese,208 
and iron,209 but it was of more interest to the group to explore a less sterically restrictive 
ligand as a point of comparison to the N,N,Ox complexes (x = 1 ‒ 3).
210 The early work of 
Kochi et al. utilized a N,N,O,O-tetradentate salen ligand 





species upon the addition of the OAD molecule, iodosylbenzene (PhIO) (Figure 3.2.).211–
213  
 
Figure 3.2. Bis(salicylidene)ethylenediamine [(salen)MIII]+ cationic complex. 
 
This unsubstituted (salen)CrIII complex proved capable of epoxidation of electron-
rich olefins with a terminal oxidant, but acyclic alkenes such as 1- and 2-octene, were 
unaffected by the CrV-oxo species. Upon the addition of substituents, which systematically 
modified and tuned the electronic and steric properties of the salen ligand, the chemistry 
of chromium-salen complexes was expanded well beyond epoxidations to include kinetic 
resolution of epoxides,214–216 oxidation of alcohols,217 and asymmetric hetero Diels-Alder 
reactions.218 Bryliakov et al. investigated the mechanism of several of these substituted 
(salen)CrIII complexes noting the incredible stability of the CrV-oxo species, which was 
amenable to characterization with both electron paramagnetic resonance (EPR) and nuclear 
magnetic resonance spectroscopies (NMR).219 It was found that after exposure to a terminal 
oxidant such as m-CPBA or PhIO, two EPR active high-valent chromium species were 
formed. Upon further study, the two species were identified as a CrV-oxo, with parameters 
identical to the oxochromium(V) cation isolated by Kochi et al. and a mixed divalent 
(salen)CrIIIOCrV(salen) dimer (Figure 3.3.).219 They posit that although previous studies 





moieties, as assigned by NMR and EPR, lead them to the assertion that the inactive species 
acts as a divalent reservoir for the on cycle (salen)Crv-oxo.220,221 This proposed dynamic 
equilibrium is not to be universally applied, as thorough investigation into substituted salen 
literature revealed a lack of consensus on the proposed catalytic cycles, but it planted the 
idea that the electronic landscape of a metal other than iron could provide access to 
reactivity and expand the capability of our mononuclear small-molecule catalyst.  
 
Figure 3.3. Proposed catalytic cycle by Bryliakov and Talsi as a modified Groves’ ‘oxygen 
rebound mechanism’ with an off-cycle inactive divalent dimer species. Reproduced from 
Bryliakov.219 
 
One of the earliest accounts of epoxidations via the d4 (salen)MnIII catalysts was 
published in 1983 by Kochi as he expanded from work with the d3 (salen)CrIII systems. 
The aim was to observe the differences in reactivity as affected by the increase of one d-
electron, as the oxidation chemistry of heme-based complexes is well documented to 
increase moving from chromium to manganese.71,210 By probing electronic and steric 
properties of the salen ligand backbone in manganese complexes, they discovered a 
significant increase in both efficacy and stereoselectivity, at ambient temperatures and 





Manganese-based epoxidation chemistry gained significant traction in the early 
1990s with both Jacobsen and Katsuki independently releasing their work on substituted 
(salen)MnIII complexes for asymmetric epoxidations.223,224 Jacobsen’s catalyst, a Mn(III) 
complex of a chiral Schiff-base ligand combined with terminal oxidants yielding > 90% 
enantiomeric excesses, has since become the gold standard of asymmetric epoxidation with 
a proposed concerted mechanism in the case of alkyl-substituted olefins and a stepwise 
mechanism for the epoxidation of aryl-substituted olefins.225 Unsurprisingly, due to the 
rapidity of epoxidation chemistry, there is much dissention around the true catalytic cycle 
of both unsubstituted manganese-salen catalysts as well as Jacobsen’s catalyst.220 
 The marked difference in reactivity for an unsubstituted (salen)MnIII versus an 
unsubstituted (salen)CrIII was mirrored by the lifetimes of the intermediate species, where 
the CrV-oxo species was stable in MeCN for 24 ‒ 48 hours, the proposed MnV-oxo appeared 
only as a fleeting putative intermediate.222 Noting the pronounced effect of the d-electron 
count on the reactivity and stability of the high-valent metal-oxo species originating from 
chromium and manganese salen complexes propelled our research toward exploring the 
CrII/III(N2Ox) and Mn
II/III(N2Ox) complexes. In contrast to the proposed, productive catalytic 
cycle for the FeII(N2O1) system, discussed at length in Section 1.11, the abortive process 
of dimerization occurs between the reactive intermediate, an FeIV-oxo species, and a 
reduced FeII center to form an inactivated μ-oxo FeIII dimer. In the thermodynamic 
landscape of the iron-based system, this dimerization is a ‘dead-end’ pathway lacking the 
ability to establish an equilibrium that would allow reentry to the catalytic cycle (Figure 





manganese or chromium, while utilizing the same ligand sets as the ferrous complexes, 
allows for the probing of reactivity and potentially isolating reactive intermediates on the 
catalytic cycle.  
One of the main issues surrounding the reactivity of the ferrous complexes was the 
inability to control or retard the rate of reactivity; in the velut vivum system, the chemistry 
is estimated to occur at >5 turnovers (TON) per second per iron center.125 Although 
designing a catalyst that reacts more slowly does not improve productive reactivity, 
replacing the iron center with an earlier transition metal such as chromium, makes 
intermediate characterization easier due to a more oxophilic reactive intermediate.71,226 In 
addition, because Cr(III) (d3) is naturally inert to dioxygen independent of ligation, the use 
of a two-electron OAD, such as para-cyanodimethylaniline-N-oxide (p-CN-DMANO), 
can provide mechanistic insight into a significantly more stable metal oxo, the CrV-oxo. 
Previous studies of p-CN-DMANO suggest that it proceeds principally through a two-
electron pathway, opposite to iodosylbenzene, which has been shown to also undergo 
simple Lewis Acid polarization of the IIII once coordinated to a metal center.165–167 Thus, 
upon exposure to p-CN-DMANO, the two-electron conversion of Cr(III) to Cr(V)-oxo (as 
compared with the reactive and well known Fe(II) to Fe(IV)-oxo) would be a good 
analogue to test the reactivity of this system as well as trap and characterize the stable 
Cr(V)-oxo. It was also hypothesized that replacing the aromatic-based ‘delocalized’ ligand 
backbone of the salen with the N,N,Ox
 ligand scaffold (x = 1 ‒ 3) could provide more 
electronic donor character at the metal center for a more effective epoxidation catalyst than 





is provided on the chromic complex series and their epoxidation chemistry with a two-
electron OAD. 
3.1.3. Expanding the metal scope of the complexes 
 Beyond the scope of iron, chromium, and manganese, it was of much interest to 
observe how far the reactivity boundaries of the small-molecule catalyst could be pushed 
using a two-electron oxygen atom donor (OAD). One similarity among Fe(II), Mn(II), and 
Cr(III) is the ability to form a metal-oxo bond with the metal two oxidation states higher. 
Introducing a redox inactive metal like Ga(III) to the same N2Ox scaffold allows further 
analogous comparison to the Cr(III) complexes. Gallium and chromium would both be in 
a (3+) oxidation state, and have identical 6-coordinate ionic radii, at ≈ 0.62 Å, thus the 
characterization of the complexes would allow observation of subtle differences of a redox-
based complex vs. a redox inactive one.227 The product distribution of the two complexes 
can be examined using a terminal oxidant, such as iodosylbenzene and p-CN-DMANO, 
which proceeds mainly through a two-electron pathway. Due to the inability of the quite 
redox inert Ga(III) to form a high-valent metal-oxo with p-CN-DMANO, the polarizable 
iodosylbenzene should allow for coordination of the heteroatom (in this case iodine) to the 
metal center which pulls the electron density from the oxygen atom of the OAD, producing 
an electrophilic oxygen atom capable of epoxide chemistry.  
In addition, the ionic radii of Fe(II) and Zn(II) differ by 0.04 Å (0.70 vs 0.74 Å, 
respectively) and the characterization of another redox active vs. inactive complex pair 
could provide an intriguing discussion of the electronic environment and initial reactivity 





3) have been synthesized and fully characterized for the Fe(III) oxidation state 
previously.120,121 The synthesis of different metal-ion variants of the N2Ox ligand series 
allows for observation of differences in reactivity and characterization and is one way 
small-molecule biomimetic catalysts can elucidate the biological evolution and specificity 
of enzymes. The preliminary results aid in a comparison between Fe(II), Fe(III), and Cr(III) 





3.2 Experimental Section 
3.2.1 General experimental considerations 
 All solvents used were purified as follows: methanol (Pharmco-Aaper, 
Brookfield, CT) was distilled from magnesium metal, dimethyl sulfoxide (Sigma Aldrich, 
St. Louis, MO) was distilled under vacuum from calcium hydride, triethylamine (Fisher 
Scientific, Hampton, NH) was dried and distilled from sodium metal, unstabilized 
dichloromethane (Fisher Scientific, Hampton, NH) was distilled from calcium hydride, 
stabilized tetrahydrofuran (Pharmco-Aaper, Brookfield, CT) was dried and distilled in inert 
atmosphere using sodium metal and benzophenone, dimethylformamide (Pharmco-Aaper, 
Brookfield, CT) was distilled under vacuum over P2O5. Ferrocene (Sigma Aldrich, St. 
Louis, MO) was purified by sublimation for use as a reference for electrochemical analyses. 
Tetrabutylammonium tetrafluoroborate (Acros-Fisher Scientific, Hampton, NH) was 
purified by multiple recrystallizations from EtOAc and dried under vacuum for use in 
electrochemical analyses. All other chemicals were purchased from Sigma Aldrich (St. 
Louis, MO) and were used as received unless specified. All manipulations involving air 
sensitive or hygroscopic complexes (all Fe(II), Fe(III), Cr(III) N2Ox complex series) were 
carried out in an inert atmosphere glovebox (M. Braun Unilab UL-1815, 115 V, N2 gas 
purification system) with distilled and thoroughly degassed solvents or on a dual 
vacuum/gas manifold using Schlenk techniques. UV/Vis spectra were collected using a 
Hewlett Packard 845x UV-Visible System (Model 8453).  IR spectra were collected using 
a Thermo Nicolet AVATAR 330-FT-IR. Cyclic voltammetry experiments were performed 





electrode, a silver wire reference electrode and a platinum wire counter electrode.  NMR 
spectra were recorded at 25 ºC using a Varian spectrometer (1H-NMR at 500 MHz; 13C-
NMR at 125 MHz) with all chemical shifts referenced to TMS. Metal concentrations were 
determined using a Varian AA240Z Atomic Emission Spectrometer. 
3.2.2 General methods 
Titration of [NEt4][OH] 25% solution in MeOH: Tetraethylammonium hydroxide from 
Sigma Aldrich reported 1.0 M on label, however, all OH- containing solutions were titrated 
to determine the concentration of hydroxide. A solution of 0.01 M was made from 1 mL 
of [NEt4][OH] and 99 mL of DI H2O. 40.8 mg of potassium hydrogen phthalate (KHP) 
was added to Erlenmeyer flasks (assuming mol OH- added = mol KHP with 20 mL OH- 
added per trial) containing 10 mL of DI H2O and four drops of phenolphthalein indicator. 
Starting and final volumes of hydroxide titrant were recorded and the average molarity of 
the [NEt4][OH] bottle was calculated to be 1.13 ± 0.04 M. 
Triphenylphosphine (TPP) oxidation to determine activity of oxygen atom donors: 
Freshly purified p-CN-DMANO, 50 mg (0.3 mmol), and 80 mg of TPP (1.2 mmol) were 
combined in 20 mL of freshly distilled CH2Cl2 in a 25 mL round bottom flask and allowed 
to stir under N2 atmosphere. A control reaction was setup with 80 mg of TPP in 20 mL of 
CH2Cl2 and allowed to stir exposed to O2. Both solutions were dried under reduced pressure 
and oxidation of the triphenylphosphine to triphenylphosphine oxide (TPPO) was 





Electrochemistry of metal complexes in an inert atmosphere: Prior to bringing into the 
glovebox, the carbon glassy electrode was polished with 15 μm, 3 μm, 1 μm, and 0.05 μm 
diamond and alumina pastes, in sequential order of decreasing of grit.228 The silver 
reference wire was scrubbed abrasively with NaHCO3 (in minimal water) paste and 
platinum auxiliary wire was lightly polished with a BASi fine grit polishing pad. Care was 
taken to rinse fully with DI H2O and air dry with MeOH after final polishing and before 
the electrodes and cell were brought into the glovebox. To measure the internal standard 
reference (Fc/Fc+) couple, 3 mg of sublimed ferrocene were added (2mM) with 121 mg of 
tetrabutylammonium tetrafluoroborate (TBATFB) (0.1 M) in 5mL of freshly distilled and 
degassed DMSO (with a solvent window of -2.6 V ‒ +1.7 V).229 In a clean solution of 5 
mL of DMSO in a 15 mL 3-neck flask, 2-3 mg of metal complex were added to 121mg of 
TBATFB (0.1 M). Scans were recorded between 100 mV/sec - 1000mV/sec and swept 
from low potential to high potential between -2.0 V and +1.5 V to frame the redox waves 
of the complex, as necessary. The final spectra were referenced to Fc/Fc+ in DMSO and 
normalized to normal hydrogen electrode (NHE) using the accepted value of +0.400 V vs. 
NHE.230 
Electrochemistry of metal complexes outside of the glovebox: The carbon glassy 
electrode was polished with 15 μm, 3 μm, 1 μm, and 0.05 μm diamond and alumina pastes, 
the silver reference wire was scrubbed abrasively with NaHCO3 (in minimal water) paste, 
and the platinum auxiliary wire was lightly polished with a BASi fine grit polishing pad. 
Internal standard was measured using reference (Fc/Fc+) couple, 3 mg of sublimed 





(TBATFB) (0.1 M) in 5 mL of distilled DMSO (with a solvent window of -2.6 V ‒ +1.7 
V).229 The reference solution was discarded and in a clean solution of 5 mL of DMSO, 2-
3 mg of metal complex were added to 121mg of TBATFB (0.1 M). Scans were recorded 
between 100 mV/sec - 1000mV/sec and swept from low potential to high potential between 
-2.0 V and +1.5 V with a glassy carbon working electrode, a silver wire reference electrode 
and a platinum wire auxiliary electrode. The final spectra were referenced to Fc/Fc+ in 
DMSO and normalized to normal hydrogen electrode (NHE) using the accepted value of 
+0.400 V vs. NHE.230 
UV-Vis characterization of metal complexes: To a 25 mL round bottom flask in an inert 
atmosphere were added 10 mL of freshly distilled and degassed MeOH and 10 mg of 
complex. 1 mL of the solution was added to an anaerobic cuvette (previously blanked with 
MeOH), removed from inert atmosphere with solid rubber stopper in place, and the 
electronic absorbance spectrum was recorded in the visible region. 
Solid state IR spectroscopy sample prep: Solid ligand or complex 8 – 10 mg were added 
to a small vial with a plastic seal in an inert atmosphere. Chromic and ferric solids were air 
stable, so stringent anaerobic conditions were not necessary to run spectra. Background 
transmission spectra were taken using iPrOH-cleaned diamond surface. Samples were 
loaded in 2 mg amounts and crushed using anvil onto diamond attenuated total reflectance-
FTIR and repeated 3 times.  
General reactivity conditions with metal complex + organic substrate + OAD: 5 mL 





mM) and allowed to fully dissolve outside of the glovebox due to air stability of CrIII(N2Ox) 
complexes. To reaction flasks with 1:1 vol/vol of substrate and solvent (2 mL DMF:2 mL 
cyclooctene) was added an aliquot of metal stock solution for a final metal concentration 
ranging 50 μM ‒ 1 mM. Oxygen atom donor (OAD) molecule p-CN-DMANO was added 
to both the reaction flasks as well as control flasks in the amounts of metal:OAD 1:500+ 
equivalents. Solutions were equipped with stir bars and were subject to reactivity times 
between 0.5 ‒ 24 h and temperatures from RT to 50 °C. TON were measured using 
GC/FID. 
GC/FID sample preparation: Small aliquots of the reacting solutions and the control 
solutions (1 mL) were passed through a silica plug to remove excess substrate, terminal 
oxidant and metal ion. 500 μL of each of the reactions and controls were added to a 1 mL 
GC vial with a screw-top Teflon top lid capable of being pierced with a needle and GC 
internal standard of a concentration 100 μM was added. Specific standards were coupled 
with certain substrates due to retention time differences (cyclooctene with anthracene) and 
previously determined response factors with the internal standard were used to calculate 
the area under the signal for TON. 
3.2.3 General syntheses 
Synthesis of para-cyanodimethylaniline N-oxide (p-CN-DMANO): 4-
(dimethylamino)benzonitrile, 1.860 g (12.4 mmol), was dissolved in 40 mL of CHCl3 at  
0 °C and allowed to stir for 1 h until a homogeneous solution resulted. 77% m-CPBA, 2.78 





cloudy solution. The m-CPBA solution was added dropwise to stirring p-
cyanodimethylaniline solution at 0 °C. The reaction was allowed to heat up to RT and 
stirred under an inert atmosphere overnight. Solution was then concentrated in vacuo and 
was purified via column chromatography utilizing Brockman, type I basic alumina. After 
loading, column was washed with 150 mL of CHCl3 and the product was eluted with a 
25/75 MeOH/CHCl3 solvent system. Removal of solvent under reduced pressure gave a 
white solid 0.700 g (70% yield). Activity was quantified as greater than 95% by reaction 
with triphenylphosphine followed by 31P-NMR. 
Synthesis of [NEt4][Na][α-ketoglutarate]: 10 mL of freshly, fractionally distilled MeOH 
and 233 mg of [Na]α-ketoglutarate (1.39 mmol) was added to a 50 mL Schlenk flask under 
positive nitrogen pressure. Tetrabutylammonium hydroxide, [NEt4][OH], was previously 
titrated to determine exact concentration of hydroxide solution to be 1.584 M. 857 μL of 
25% wt/wt tetraethylammonium hydroxide in MeOH (1.36 mmol) was added to the stirring 
solution. After rapid formation of a white precipitate, solvent was removed on high vac via 
the Schlenk manifold and cloudy oil was triturated with THF until 338 mg of a white solid 
resulted (82% yield). 
Synthesis of tetraethylammonium tetrachloroferrate(III) [NEt4][FeCl4]231 (3-7): To a 
150 mL round bottom flask containing 20 mL of absolute EtOH were added FeCl3, 580 mg 
(anhydrous 3.57 mmol), and stirred under N2 atmosphere until homogeneous. To the 
solution was added NEt4Cl ∙ H2O, 548 mg (2.98 mmol), and a yellow solid precipitated. 
Solution was stirred for 30 seconds and was filtered three times. All three filtrates were 





Fe2O3 deposits and resulting yellow filtrate was diluted in 50 mL of Et2O in a small beaker. 
The bottom of the beaker was scraped vigorously to encourage crystal nucleation then 
placed in ‒ 20 °C freezer for 5 minutes. Solution was filtered and precipitate was dried in 
vacuo as 549 mg of a light yellow/green solid (47% yield). Electronic absorption, λmax 
(CH3OH)/nm (ε M
-1∙cm-1): 251 (5616).231   
3.2.4 Metal complex syntheses 
Synthesis of [CrIII(EDTA)][K]232 (3-2): To a 50 mL Schlenk flask were added 10 mL of 
DI H2O and 10 mL of DMF which was stoppered and subjected to 7 cycles of freeze-pump-
thaw to thoroughly degas the mixture. In a separate Schlenk flask were added 58 mg of 
EDTA (0.2 mmol) and 4 equivalents of KOH 46 mg (0.8 mmol), added and 5 mL of the 
DMF:H2O was cannulated into the flask under reduced pressure taking great caution not to 
introduce O2. In a third Schlenk flask, CrCl2, 25 mg (0.2 mmol), was added and sealed, 
then 15 mL of the DMF:H2O solvent were cannulated over to produce a teal green solution. 
Finally, the EDTA/KOH solution was cannulated to the stirring CrCl2 solution which 
resulted in an immediate color change from teal to light blue and rapidly into a deep 
blue/maroon color. An aliquot was removed via gas-tight syringe for characterization via 
UV-Vis. Electronic absorption, λmax (DMF:H2O)/nm: 397, 556.
233 
Synthesis of [P.S.][FeIII(N2O1)Cl3]120,124 (3-8): Due to extremely hygroscopic nature of 
the N2O1 ligand, 2-2, this complex was prepared on a dual-manifold with Schlenk 
techniques with an N2 atmosphere. To a 50 mL Schlenk flask were added 230 mg (1.43 
mmol) of N2O1 ligand, 2-2, and the Schlenk flask was promptly stoppered and subjected 





cannulated into the stirring solution. In a separate 250 mL Schlenk flask were combined 
234 mg of anhydrous FeCl3 (1.44 mmol) and 10 mL of freshly, fractionally distilled MeOH. 
The THF solution was quickly transferred to the iron-containing solution with high N2 
backpressure and was allowed to stir vigorously for 45 minutes under a static N2 
atmosphere. 313 mg of 8-bis(dimethylamino)naphthalene (1.46 mmol) were added with 
high N2 backpressure and the solution was stirred an additional 0.5 h. Additional THF, 45 
mL, was added to reaction mixture which was then filtered slowly to remove Fe2O3 red 
precipitates. The golden-brown filtrate was transferred to a 250 mL round bottom flask and 
solvent was reduced to 5 mL in vacuo. 75 mL of dried Et2O were added to the dark brown 
oil and a fluffy, yellow precipitate formed immediately. Precipitate was collected on a dual-
sided glass frit under strict anaerobic conditions and was allowed to dry in vacuo to give a 
final static-y product, 25 mg (3% yield). Selected IR bands, (reflectance, solid) νmax/cm
-1: 
1601 (CO), 1377 (CO). Electronic absorption, λmax (CH3OH)/nm: 285 (9110), 339 
(3800).120  
Synthesis of [NEt4][FeIII(N2O2)Cl2]120,124 (3-9): To a 50 mL round bottom flask were 
added freshly distilled DMF and 209 mg of N2O2 ligand, 2-5, (1.02 mmol) which were 
allowed to react until complete dissolution. To the stirring solution was added 1.03 mL of 
TEA (7.41 mmol) which was allowed to stir for an additional 0.5 h at RT. After the addition 
of 335 mg of [NEt4][FeCl4] (3-7) (1.02 mmol), a small additional amount of DMF was 
added and to a water condensing column was added to the flask and the solution heated to 
95 °C for 2 h. Reaction was removed from heat and allowed to cool to room temperature 





taken up in a solvent mix of 10:1 Et2O:DMF and a fluffy yellow precipitate appeared. Solid 
was filtered and washed with cold Et2O and dried over P2O5 for 151 mg of solid product 
(45% yield). Selected IR bands, (reflectance, solid) νmax/cm
-1: 1637 (CO), 1341 (CO). 
Electronic absorption, λmax (CH3OH)/nm: 255 (5400), 330 (2800).
120 
Synthesis of [NEt4][FeIII(N2O3)Cl]120,124 (3-10): To a 100 mL Schlenk flask were added 
10 mL of freshly distilled DMF and 151 mg of N2O3 ligand, 2-8, (609 μmol) and 418 mL 
of TEA (3 mmol) and the solution was allowed to stir for 0.75 h at room temperature under 
a N2 atmosphere. After the addition of 200 mg, [NEt4][FeCl4] (3-7) (609 μmol), 20 mL 
more DMF were added and a water condensing column was attached to the flask and the 
solution heated to 65 °C for 1 h. Reaction was removed from heat and allowed to cool to 
RT with stirring for an additional 1 h. Half the volume of solvent was removed under 
reduced pressure and placed in ‒ 20 °C freezer overnight. Resulting yellow cloudy solution 
was filtered and white precipitate (presumably [NEt4][Cl]) was collected and washed with 
cold DMF. Resulting filtrate was triturated with heptanes (known azeotrope heptanes:DMF 
90:10)234 in vacuo, until 239 mg of a slightly yellow hygroscopic solid remained (84% 
yield). Selected IR bands, (reflectance, solid) νmax/cm
-1: 1639 (CO), 1332 (CO). Electronic 
absorption, λmax (CH3OH)/nm: 259 (2949), 393 (906).   
Synthesis of [CrIII(N2O1)Cl3] (3-3): To a 100 mL round bottom flask were added 131 mg  
of 1,8-bis(dimethylamino)naphthalene (0.611 mmol) and 50 mL of THF under N2. To the 
stirring solution were added 100 mg (0.624 mmol) of 2-2, N2O1 ligand, and CrCl2, 73 mg 
(0.593 mmol), was dissolved in minimal (<1 mL) MeOH and the teal solution was added 





salt, a pale blue precipitate immediately formed and was stirred another 30 seconds then 
collected via vacuum filtration and washed 2 x 5 mL of EtO2 to give a final product of 172 
mg (54% yield). Selected IR bands, (reflectance, solid) νmax/cm
-1: 1572 (CO), 1357 (CO). 
Electronic absorption, λmax (CH3OH)/nm: 405 (172), 551 (132).   
Synthesis of [CrIII(N2O2)Cl2] (3-4): In a 250 mL round bottom flask 500 mg of 2-5, N2O2 
ligand (2.45 mmol) and CrCl2, 286 mg (2.32 mmol), were combined in 50 mL of freshly 
distilled MeOH under inert atmosphere. Solution immediately turned bright blue and < 1 
minute of stirring solution changed to an intense cloudy purple and was allowed to react 
for 2 days. 456 mg of product was isolated via vacuum filtration and dried under reduced 
pressure (58% yield). Selected IR bands, (reflectance, solid) νmax/cm
-1: 1625 (CO), 1397 
(CO).  
Synthesis of [CrIII(N2O3)Cl] (3-5): A 100 mL round bottom flask was charged with 2-8, 
N2O3 ligand, 250 mg (1.00 mmol), and 20 mL of MeOH to form a cloudy, straw-colored 
solution under an inert atmosphere. The solution turned clear upon the addition of NaOMe, 
81 mg (1.50 mmol). To a separate 100 mL round bottom flask were added 123 mg of (1.00 
mmol) CrCl2 to 15 mL MeOH and the 2-8-containing solution was added dropwise. 
Solution showed immediate color change from light green, to hunter green, to midnight 
blue and finally a milky purple. The solution was allowed to stir overnight, and a pale, 
purple precipitate was removed via filtration and the filtrate volume was reduced to 5 mL 
in vacuo. Cold THF (≈ 5 mL) was added to the resulting purple filtrate to precipitate the 





drying of the complex, 221 mg (62% yield). Selected IR bands, (reflectance, solid) νmax/cm
-
1: 1640 (CO), 1354 (CO). 
Synthesis of [P.S.][CrIII(linker-N2O1)Cl2(MeOH)] (3-11): To a 100 mL round bottom 
flask were added 123 mg of 4-20, linker-N2O1 ligand (0.472 mmol) and 99 mg of 1,8-
bis(dimethylamino)naphthalene (0.462 mmol) to 30 mL of freshly distilled and 
deoxygenated THF and allowed to stir covered due to the hygroscopic nature of the linker-
N2O1 ligand. CrCl2, 55 mg (0.448 mmol), was dissolved in minimal (<1 mL) MeOH and 
the teal solution was added dropwise to stirring THF solution. The resulting maroon 
solution was filtered, and the remaining filtrate was dried to an oily solid with an 
undetermined mass. Selected IR bands, (reflectance, solid) νmax/cm
-1: 1544 (CO), 1453 
(CO). 
Synthesis of [Na][ZnII(N2O3)(NO3)]: NaOH, 80 mg (2.00 mmol), were ground to a fine 
powder and added to 15 mL of MeOH. 250 mg of 2-8, N2O3 ligand (1.00 mmol) were 
added to the stirring solution and a water condenser was attached to the flask and allowed 
to reflux for 10 minutes. Once all of the N2O3 ligand had solubilized in the hot MeOH,  
Zn(NO3)2 ∙ 6 H2O, 297 mg (1.00 mmol), were added in one portion and the solution 
refluxed overnight. After completion of the reaction, it was cooled to RT while stirring and 
concentrated in vacuo. Characterization via 1H-NMR spectroscopy suggests presence of 
slight impurities. Further work on improved workup and purification would be required for 
publication.  
 





3.3 Results and Discussion 
3.3.1 [CrIII(EDTA)]-  
 The expansion of metals for this series of varying N,N,Ox carboxylate-ligated 
complexes (x = 1  ̶  3) focuses on subtle differences in the electrochemical and 
spectroscopic characterization of these complexes. The work reported herein will focus 
initial studies of Cr3+ complexes of the N,N,Ox carboxylate ligands . 
From published work on chromium salen212,217,235,236and EDTA233,237–239 
complexes, it was apparent that synthesizing a CrII(N2Ox) complex would be challenging 
due to extreme O2 sensitivity. Chromous starting materials such as Cr(OAc)2 have been 
used to test the anaerobic skills of inorganic chemists due to minute air exposure causing 
the oxidation from Cr(II) to Cr(III), accompanied by an exothermic discoloration from 
bright red to grey-green.240–242 In addition, all chromium work leading up to isolation of 
the CrV-oxo species by Kochi et al. utilized exclusively Cr(III) complexes; either 
synthesized via a Cr(II) starting material which was allowed to air oxidize or a Cr(III) 
starting material.211,235,243 These results can be explained with crystal field theory of a stable 
Cr(III) species with 3 d-electrons filling the t2g orbitals with one electron each in the dxy, 






Figure 3.4. Cr(III) ground state electron configuration with an octahedral geometry. 
 
To observe the colorimetric changes observed with the synthesis of a well-studied, 
stable Cr(III) complex, the synthesis of [CrIII(EDTA)]- in a 1:1 DMF:H2O solution (3-2, 
Figure 3.5.) was repeated.238,244 Ethylenediaminetetraacetic acid (EDTA) offers a similar 
structural scaffold to the N2Ox backbone, however, its history of coordination of transition 
metals is replete with disagreement over speciation. Wheeler and Legg reported for the first 
time the sexidentate ligation between pH 3.5 and 6.5 but at pH 7.5, [CrIII(EDTA)]- is 
estimated to be 50% quinquedentate, as assigned by deuteration of the methylene carbons 
on the acetate arms and comparison of 2H-NMR spectra.233,239 At lower pH, there is 
significantly more agreement that one acetate arm is protonated and is not coordinated, and 
a water molecule occupies the 6th coordination site.245,246 The  pH of a 1:1 H2O:DMF 
solution is known to be 6.7, but the true denticity of the EDTA ligand in this medium is 
unknown.247 Yield was not determined for the complex due to the fact it remained 







Figure 3.5. Synthesis of [K][CrIII(EDTA)], 3-2, for use in qualitative determination of 
chromium oxidation states.232  
 
Table 3.1. Electronic absorption characterization of [CrIII(EDTA)]-. 









CrCl2 n/a Teal 415 586 
[CrIII(EDTA)]- n/a Purple 390 553 
[CrIII(EDTA)]- air Purple 406 564 
[CrIII(EDTA)]-  30% H2O2 Maroon n.p. 505 
[CrIII(EDTA)]- PPAA Lilac 389 546 
[CrIII(EDTA)]- p-CN-DMANO Blue/purple 391 554 
[CrIII(EDTA)]-   
+ AgNO3 
air 
Purple w/  
persistent ppt  
347 551 
a All solutions are a 50:50 vol/vol mixture of DMF:H2O. H2O2 = hydrogen peroxide, PPAA = phenylperacetic 
acid, p-CN-DMANO = para-cyanodimethylaniline-N-oxide. N.p. = not present. 
 
 The span of colors listed in Table 3.1. all closely align with previously published 
values whereupon chelation of the chromic ion, a hypsochromic shift of ≈ 25 nm is 
observed from 415 nm to 390 nm with a color change from teal to deep purple.237 The 
intensely colored solutions can vary in the blue and purple range due to pH of the solution 
and a mixture of several intermediates in equilibrium.238 With the exception of the solution 





accepted λmax values for a chromic EDTA complex, centered at 391 nm and 545 nm.
238,244
  
The addition of AgNO3 was used to observe if the removal of halogen ions in solution had 
an effect on the absorbance of the solution. It was noted the AgNO3 solution had the lowest 
baseline, and the λmax1 value shifted 43 nm lower than the starting EDTA complex. 
Precipitates were observed in solution, likely AgCl, but the effects on the coordination 
number remain unclear. The colorimetric testing of CrIII(EDTA) provided a visual palette 
to compare spectroscopically with the other CrIII(N2Ox) complexes, where large changes 
to the electronic absorption spectra upon exposure to terminal oxidants could be indicative 
of a change in redox states of the chromium atom, as was observed with the (salen)CrIII 
complexes (Section 3.1.2).211,212 
3.3.2 Spectroscopic comparison of the Fe(III), Fe(II), and Cr(III) N2Ox complexes  
The synthetic precautions that were necessary with the dioxygen sensitive Fe(II) 
complexes were alleviated in the chromic complex series, however, due to the hygroscopic 
nature of the N2Ox ligands, all syntheses were carried out in an inert atmosphere with 






Figure 3.6. Synthesis of [CrIII(N2O1)Cl2(MeOH)] complex, 3-3 (top), 
[CrIII(N2O2)Cl(MeOH)] complex, 3-4 (middle), and [Cr
III(N2O3)(MeOH)] complex, 3-5 
(bottom).  
 
 The reactions for each ligand complex differ slightly, but are based on the 
syntheses previously published from our lab.120,124 The biggest difference was noticed in 
the stunning array of colors that were observed for the very rapid complexation reactions. 
The CrCl2 salt was dissolved in a minimal amount of methanol, producing a deep teal-
colored solution and was added dropwise to the ligand. For all three complexes, the color 
shifting from a light green to hunter green, then midnight blue to royal blue and finally a 
milky purple precipitate, proceeded over a varying span of time. Additional time was given 





observed with significantly less time necessary for complexation than in the Fe(II) 
complexes.  
 In addition to the chromic variants of the N2Ox ligand series, the ferric complexes 
were also synthesized with minor optimizations made to the original synthesis of the 
precursor tetraethylammonium tetrachloroferrate(III) (Figure 3.7.).231 
 
Figure 3.7. Tetraethylammonium tetrachloroferrate(III) as precursor for Fe(III) 
complexes.231  
 
 Tetraethylammonium tetrachloroferrate(III) was synthesized for use in the 
FeIII(N2O2) and Fe
III(N2O3) complexation reactions as a source of ferric iron which would 
also aid in the solubility of the catalyst with a tetraalkyl counterion. Previous syntheses of 
this precursor appeared to be hampered by the hygroscopic nature of FeCl3 starting material 
which resulted in a muddy, brown solution instead of the bright yellow solid expected of 
this tetrahedral ferric compound.231 The product, 3-7, was isolated in 47% yield with the 
use of freshly dried and distilled solvents, reduced reaction time, Schlenk techniques to 
preclude H2O from reaction, and addition of 2x as many washes and filtrations to maximize 
[NEt4][FeCl4] yield. It is also recommended not to attempt the synthesis during humid 






Figure 3.8. Synthesis of [FeIII(N2O1)Cl3]
- complex, 3-8 (top), [FeIII(N2O2)Cl2]
- complex, 
3-9 (middle), and [FeIII(N2O3)Cl]
- complex, 3-10 (bottom).120 
 
 The metalation reactions, syntheses designed by Dr. Patrick Cappillino, of the 
ferric complexes are described in Figure 3.8. The exceptionally low yield of the FeIII(N2O1) 
complex is potentially due to a shortened stir time as compared with the previously 
published synthesis.120 However, enough was obtained for electrochemical, electronic 
absorption and infrared characterization thus the reaction was not re-run for optimization. 
The Fe(III) complexes were synthesized with the sole purpose of comparison to the Cr(III) 





catalysts with an oxygen atom donor (OAD) such as para-cyanodimethylaniline-N-oxide 
(p-CN-DMANO) which exclusively proceeds via a two-electron pathway. Due to the 
interruptions of COVID-19, reactivity studies of the Fe(III) series and Cr(III) series were 
not fully investigated. 
Prior to metalation and as a baseline comparison, the IR spectra for all three free 
N2Ox ligands were recorded. Both the N2O1 and N2O2 ligands produced a single stretching 
frequency at 1611 cm-1 and 1678 cm-1, respectively. The appearance of one stretching 
frequency for the N2O2 ligand with two carbonyl groups is explained with the complete 
symmetry of the molecule producing identical frequencies (Figures A. 3.4 and A 3.5.). 
The N2O3 ligand, however, with three C=O moieties has two stretching frequencies, at 
1699 cm-1 and 1636 cm-1, as the two carboxylate groups off the tertiary amine are 
equivalent (Figure A. 3.6.). Infrared spectroscopy has been shown to be a useful technique 
in characterization of carboxylate-coordinated complexes by comparing the difference (Δ 
(cm-1) ) between the asymmetric (CO(as)) and symmetric (CO(s)) stretching frequencies of 
the C=O moieties bonded to a metal center.248 The difference between these frequencies, 
Δ, has been used to categorize the specific binding motif, as having either unidentate or 
chelating/bridging coordination. A review published by Deacon and Phillips on IR 
characterization of carboxylato complexes broadly concluded a  greater than 200 cm-1 
corresponded to unidentate carboxylate coordination, whereas values less than 150 cm-1 
correspond to either chelating or metal-metal bridging ligation.248 Table 3.2. provides a 
comprehensive comparison of the infrared characterization of Fe(II), Fe(III), and Cr(III) 






Figure 3.9. Stacked FT-IR spectra of Cr(III) complexes noting the strong asymmetric 
stretch (νCO(as)) of the carbonyl at a higher wavenumber and a less defined symmetric 
stretch (νCO(s)) < 1400 cm
-1. CrIII(N2O1), 3-3 (top), Cr
III(N2O2), 3-4 (middle), Cr
III(N2O3), 
3-5 (bottom).  
 
In the chromic series in the asymmetric stretching frequency (νCO(as)) increases with 
the number of carboxylates as 1572 cm-1 for CrIII(N2O1) (3-3), 1625 cm
-1 for CrIII(N2O2) 
(3-4), and 1640 cm-1 for CrIII(N2O3) (3-5), likely due to the strengthening and shortening 
of the C=O bond (Figure 3.9.). For eight of the nine complexes, the Δ value between the 
asymmetric (νCO(as)) and symmetric (νCO(s)) stretches suggests a unidentate coordination 
motif, as it is greater than 200 cm-1. Only CrIII(N2O2) does not meet this criterion with a 
difference of 192 cm-1 however, a recent review by Watkinson suggests the range of 





cm-1.249 Among the iron-based complexes, lower stretching frequencies are observed for 
the ferrous oxidation state versus the ferric oxidation state (1604 cm-1 for [FeII(N2O1)]
-, 2-
3 vs. 1620 cm-1 for [FeIII(N2O1)]
-, 3-8, 1588 cm-1 for [FeII(N2O2)], 2-6, vs. 1637 cm
-1 for 
[FeIII(N2O2)]
-, 3-9, and 1594 cm-1 for [FeII(N2O3)]
-, 2-9, vs. 1639 cm-1 for [FeIII(N2O3)]
-, 3-
10), likely owing to one less d electron, the Fe ‒ O bond is more ionic in character (Table 
3.2.).250   









[P.S.][FeII(N2O1)Cl2(MeOH)] 1604 1387 217 
120 
FeII(N2O2)(MeOH)2 1588 1397 192 
[Na][FeII(N2O3)(MeOH)] 1594 1364 230 
[P.S.]]FeIII(N2O1)Cl3] 1620 1377 224 
[NEt4][FeIII(N2O2)Cl2] 1637 1341 296 
[NEt4][FeIII(N2O3)Cl] 1639 1332 307 
CrIII(N2O1)Cl2(MeOH) 1572 1357 215 
This 
work 
CrIII(N2O2)Cl(MeOH) 1625 1397 228 
CrIII(N2O3)(MeOH) 1640 1354 286 
(as) = asymmetric stretch, (s) = symmetric stretch 
In addition to observing trends and marked differences between the ferrous, ferric 
and chromic N2Ox complexes, it was of great interest to compare the electronic absorption 
spectral features of these metal compounds. Data still need to be collected for the 
CrIII(N2O2), 3-4, complex due to the interruptions of COVID-19, however, the anaerobic 
spectra are shown below for the CrIII(N2O1), 3-3, Cr
III(N2O3), 3-5, and Cr
III(EDTA), 3-2 
(Figure 3.10.) cases. The spectra show absorbances at much longer wavelengths than what 
are usually associated with ferrous and ferric complexes (Figures A. 3.2. and A. 3.3.), 





the chromic complexes.251,252 Comparing the λmax values observed to the complexation of 
CrIII(EDTA), 3-2, which serves as an N2O4 ligand scaffold, and Cr
III(N2O3), 3-5, suggests 
a similarity in the appearance of two spectra (Figure 3.10.). The accepted λmax absorbances 
for CrIII(EDTA) at 391 nm (ε = 117 M-1cm-1) and 545 nm (ε = 202 M-1cm-1)233, are slightly 
higher energy than CrIII(N2O3) λmax absorbances at 391 nm and 557 nm.   
 
Figure 3.10. Anaerobic electronic absorption spectra overlay of (─̶─) CrIII(N2O1), 3-3, 
with λmax values at 420 nm and 580 nm;  (- - -) CrIII(N2O3), 3-5, with λmax values at 391 nm 
and 557 nm. 
 
 The tabulated electronic absorption data for ferric, ferrous, and chromic 
complexes show the stark energy difference between the metal center with all iron-based 
λmax1 transitions ranging between 255 ‒ 293 nm and chromic λmax1 absorbances which are 






-, 2-3, and [FeIII(N2O1)]
-, 3-8, as compared with their ferrous and ferric 
N2O2 and N2O3 complexes, arises from the overlapping signal of the strongly absorbing 
aromatic counter ion, 1,8-bis(dimethylamino)naphthalene or proton sponge, which has a 
band centered around λmax = 285 nm.
253 However, the transitions observed for the 
FeIII(N2Ox) complexes, with ε values ranging 1000 – 5500 M
-1∙cm-1, are well documented 
ligand-to-metal charge transfer bands between the chloride ligand and the ferric metal 
center.251,252  
 








[P.S.][FeII(N2O1)Cl2(MeOH)] 285 (2500) ‒‒‒‒‒‒‒ 
120 
FeII(N2O2)(MeOH)2 293 (929) 348 (56) 
[Na][FeII(N2O3)(MeOH)] 288 (218) 325 (130) 
[P.S.]]FeIII(N2O1)Cl3] 285 (9110) 339 (3800) 
[NEt4][FeIII(N2O2)Cl2] 255 (5400) 330 (2800) 
[NEt4][FeIII(N2O3)Cl] 259 (2949) 393 (906) 
CrIII(N2O1)Cl2(MeOH) 420 (172) 580 (132) 
This work CrIII(N2O2)Cl(MeOH) n/d n/d 
CrIII(N2O3)(MeOH) 391 (n/d) 557 (n/d) 
n/d = not determined.   
 
 The lack of dioxygen sensitivity of the chromic complexes was confirmed by an 
18-hour time-lapse electronic absorption experiment to observe any perturbation to the 
spectra of the CrIII(N2O1) complex, 3-3 and the Cr
III(N2O3) complex, 3-5. The intensity and 
the wavelength of the λmax1 and λmax2 values remained unchanged signifying that the d
3 
complexes were, indeed, inert to dioxygen (at least up to 18 hours of exposure). However, 





oxygen atom donor (Figure 3.11.). Upon the addition of the first equivalent of p-CN-
DMANO, the λmax1 and λmax2 values remain almost unchanged as observed in Figure 3.11. 
inset, but the blue-shifted absorbance centered around 350 nm shows a distinct increase as 
compared with the starting spectrum. After the addition of 5 equivalents of an OAD, the 
shoulder at 350 nm appears to have stopped increasing and an isosbestic point is observed 
near 375 nm.   
 
Figure 3.11. Titration of CrIII(N2O1), 3-3, with 5 equiv. of oxygen atom donor, p-CN-
DMANO with dark lines indicating beginning of titration. Growth of shoulder at λ = 350 
nm and presence of isosbestic point at 375 nm. Inset—decrease in peaks at 420 nm and 580 
nm. 
 
 The visual confirmation of a change in the electronic absorption spectrum for 
CrIII(N2O1) upon addition of a two-electron oxygen atom donor was exciting as an indicator 





3.3.3 Electrochemical comparison of the chromium, manganese, and iron III/II redox 
couples with varying ligation 
 The center of the reactivity of many inorganic complexes is the cycle of oxidation 
and reduction states of the metal atom. At its core, the power of electrochemical analyses 
resides in the simplicity with which the driving force of a reaction can be controlled and 
the ease with which thermodynamic and kinetic parameters of electron transfer processes 
can be measured.228 To further understand trends and more fully characterize the chromic 
analogues of the N2Ox series, cyclic voltammetry was implemented to determine the 
reduction potential of the complexes. A comparison of the redox potentials of the salen 
ligand, EDTA, and free metal ion for chromium, manganese and iron complexes produced 
data spanning nearly 3.0 volts (Figure 3.12. and Table 3.4.). The initial work presented 
here on the Mn(II) or Mn(III) analogues is being carried out by Bailey Mclernon, current 
graduate student, with the goal of synthesis, characterization and reactivity testing. 
 
Figure 3.12. Graphical representation of the chromium, iron, and manganese III/II redox 





Table 3.4. Transition metal complex MIII/MII reduction potentials. 
Metal redox couple Ligand E° vs. NHE (mV) Ref 
CrII/III 
water -410 138 
EDTA -976 236 
salen -1,060 235 
MnII/III 
water +1,510 138 
EDTA +820 254 
salen -196 222 
FeII/III 
water +770 138 
EDTA +102 254,255 
salen -200 256 
salen = bis(salicylidene)ethylenediamine, EDTA = ethylenediaminetetraacetic acid, NHE = normal hydrogen 
electrode, 
 
For both the EDTA values as well as free ion redox potentials the same trend exists 
of Cr < Fe < Mn however, the salen complexes deviate from this trend. The unsubstituted 
(salen)MnII/III redox couple, as reported by Kochi, is 1.0-volt lower than the MnII/III(EDTA) 
redox couple which draws it slightly below the potential for iron to establish a Cr < Fe ≈ 
Mn trend for the EDTA complexes.222 Due to the extreme sensitivity of Cr(II) to oxygen, 
it was expected that the chromium redox potentials would be the lowest of the three 
metals.240–242 A comparison of CrIII/II(N2O2) redox couple inside and outside of the 
glovebox shows a drastic difference to the redox couple centered around -650 mV (Figure 
3.13.) We believe the dioxygen in the solution is being reduced by the CrII species beyond 
the threshold of -1200 mV and decomposing the complex. The significantly negative redox 
potentials of the salen and EDTA complexes are seemingly mirrored in the CrIII/II(N2O2) 






Figure 3.13. (Left)—An overlay of cyclic voltammograms of CrIII/II(N2O2) in distilled and 
degassed DMSO with 0.1 M TBATFB electrolyte referenced to a Fc/Fc+ redox couple; 
1200 mV/sec scan rate, +400 mV ‒ -1200 mV. (─̶─) CrIII(N2O2) outside of the glovebox 
and (- - -) CrIII(N2O2) inside of the glovebox. (Right)—CrIII(N2O2) outside of the glovebox 
with 400 mV/sec scan rate, +400 ‒ -2200 mV. 
 
The work of Dr. Patrick Cappillino previously reported electrochemical data for the 
FeII and FeIII N2Ox complexes which showed that the potential shifted to lower values with 
an increase in the number of carboxylate ligands coordinated to the iron center (Table 
3.5.).124 This result was explained by the effects of replacing weakly bound chloride anions 
or solvent molecules with carboxylate oxygen atoms that are proposed to increase the 
electron density on the redox active center.120 A comparison of iron-based voltammograms 
showed the six complexes produced single, quasi-reversible waves in degassed and 
distilled DMSO in a strictly anaerobic environment (Figures A. 3.13. and A. 3.14.).120 To 
be a chemically and electrochemically reversible process, the peak-to-peak separation 
value, ΔEp, must be 57 mV at 25 °C.
228 An electrochemically quasi-reversible process can 
be identified by the peak-to-peak separation shifting with scan rate. The quasi-reversible 





which the peak-to-peak difference shifted 80 mV over the span of 800 ‒ 1500 mV/sec scan 
rate increases (Figure 3.14.). The midpoint potential of the CrIII(N2O2) complex, 3-4, is 
lower than those of the complexes FeII(N2O2), 2-6, and Fe
III(N2O2), 3-9, by 745 mV and 
603 mV, respectively. The low reduction potential of CrIII(N2O2) tracks with the trend of 
other N,N,O,O- ligated chromic complexes, such as (salen)CrIII.  
  
 
Figure 3.14. (Left)—Data for varying scan rate and peak-to-peak separation (ΔEp). 
(Right)—Cyclic voltammogram of CrIII(N2O2), 3-4, in distilled and degassed DMSO with 
0.1 M tetrabutylammonium tetrafluoroborate (TBATFB) electrolyte. Quasi-reversible 
behavior was observed over the span of 700 mV/sec scan rate. All peaks referenced to a 
Fc/Fc+ couple and normalized to normal hydrogen electrode potential. 
 
Table 3.5. provides the electrochemical characterization for two chromium 
complexes, six iron complexes and one manganese complex. The work of a fellow graduate 
student in the Caradonna lab, Bailey Mclernon, is focused currently on both the 




800  620 mV 
1000 660 mV 
1200 700 mV 





catalysts. The MnII(N2O1) complex, much like the free metal ion, and coordinated 
manganese salen and EDTA complexes, shows a significantly positive reduction potential, 
> 1,000 mV more than either iron N2O1 complex. Unfortunately, not enough data has been 
collected to complete the chromic or manganous series, thus a trend cannot be commented 
on yet, but these are tangible goals for the immediate future.  
 
Table 3.5. Electrochemical characterization of various metal N2Ox complexes. 
Complex 













[P.S.][MnII(N2O1)Cl2(MeOH)] +1,290 257 
n/d  = not determined.  
 
3.3.4 Reactivity studies on the epoxidation chemistry of the CrIII(N2Ox) series 
 The CrIII(N2O1) and Cr
III(N2O3) complexes were investigated to understand the 
initial reactivity properties with the oxygen atom donor (OAD), p-CN-DMANO. A proviso 
on all reactivity data is necessary to frame the findings from experiments because in-lab 
work was cut short in mid-March due to COVID-19. Caution is exercised to not 
overinterpret findings until reproducibility has been proven. As a starting point, the same 
reactivity conditions of [FeII(N2O1)]
+ complex were employed with cyclooctene, p-CN-





was employed to determine any baseline reactivity. Unlike the [FeII(N2O1)]
+ system, where 
low concentration of metal achieves the highest TON (usual reactivity ranges = 1 ‒ 10 μM), 
no epoxide formation was observed until the [CrIII] = > 50 μM. From prior iron-based 
product characterization, the use of a mini silica plug was essential to ensure minimum 
metal deposit on the gas chromatography (GC) column. This step was repeated with the 
chromium-based catalysts as the concentration of metal for the chromium reactivity 
frequently exceeded 500 μM. To ensure the filtration was not adding bias to the calculated 
TON, a thorough investigation of reactivity and control samples, with and without a silica 
plug, were compared. An ≈ 5% relative difference was observed with a slightly higher 
TON reported for samples that were run through the silica plug.  
To probe the kinetics of the reactivity, two reactions of CrIII(N2O1) were run in 
parallel with equivalent chromium:OAD:substrate ratios of 1:100:3000 where p-CN-
DMANO was used as OAD molecule and cyclooctene was the substrate. Control and 
chromium-containing reactions were stirred at room temperature and at 50 °C with a 24-h 
aliquot and a 48-h aliquot. The heated solution produced 4X as much epoxide over the 
room temperature solution (after control reactions, containing no metal complex, were 





Table 3.6. Temperature-dependent reactivity of CrIII(N2O1) with p-CN-DMANO and 
cyclooctene to observe cyclooctene oxide as product formation. 
GC sample 
24 h  
TON  




48 h  
TON adjusted 
Reaction (50 °C) 2.0 1.94 ≈ 2 3.69 3.66 ≈ 4 
Control (50 °C) 0.06 --- 0.03 --- 
Reaction RT 0.38 0.33 ≈ <1 1.07 1.05  ≈ 1 
Control RT 0.05 --- 0.02 --- 
[CrIII] = 900μM; [p-CN-DMANO] = 94 mM; [cyclooctene] = 2.88 M in 100% DMF solutions. 
 
A comparison of epoxidation reactivity of the CrIII(N2O1) and Cr
III(N2O3) 
complexes with an anthracene internal standard, were nearly identical at 17 and 11 TON 
per chromium center, respectively. Because the CrIII(N2O3) is not electrochemically 
characterized and the reactivity has only been tested once, it is too soon to suggest 
differences owing to the carboxylate ligation of the complexes.  
 
3.3.5 Immobilization of the chromium-based catalyst 
 Chapter 4 is centered around an additional method of extending the lifetime of the 
active catalyst. While much of the discussion in the present chapter has been focused on 
the interchangeable metals with the N2Ox ligand set as an analogue of the Fe(II) model, the 
final thesis chapter concentrates on surface-immobilization of the small-molecule catalyst. 
Heterogenizing the homogeneous chromium-based catalyst thus acts as a combination of 
both tactics and can offer the community a facile synthetic route to an epoxidation catalyst 
needing only the addition of a terminal oxidant. To tether the small-molecule metal-based 
catalyst on a immobilized resin, the surface of the solid support was functionalized with an 





the post-doctoral fellow, Dr. William Tucker, incorporated an aryl ring and alkyne tail for 
the copper(I) catalyzed azide-alkyne cycloaddition (CuAAC) click reaction with azido-
functionalized resin.258 Preparation of a chromic analogue underwent metalation of the 
linker-N2O1 ligand, 4-20,  to produce a an oily purple solid such that an isolated yield of 
the reaction was not determined (Figure 3.15.).  
 
Figure 3.15. Synthesis of CrIII(linker-N2O1) catalyst, 3-11, for use in attachment to the 
azide functionalized resin via copper(I) catalyzed azide-alkyne cycloaddition (CuAAC) 
click reaction.  
 
 The IR spectra of both starting materials of the CrIII(linker-N2O1)synthesis show 
broad stretching frequencies between 3700 ‒ 3000 cm-1 due to the O ‒ H bonds of water, 
suggesting the CrCl2 was far from anhydrous (which was already known due to the green-
grey color owing to the coordination of water to the chromium metal, whereas anhydrous 






   
Figure 3.16. Top—IR spectrum of CrCl2 starting material. Middle—IR spectrum of linker-
N2O1 ligand, 4-20. Bottom—solution IR spectrum of Cr
III(linker-N2O1) complex, 3-11. 
 
 A comparison of the free linker-N2O1 ligand, 4-20, and the chromic complex, 3-
11, suggest much like the homogeneous ligand, the asymmetric stretching frequency 
(νCO(as)) decreases upon ligation to a metal center. However, the Δ parameter established 
by Deacon and Phillips, the difference between the asymmetric (νCO(as)) and symmetric 
(νCO(s)) stretching frequencies, is 90 cm
-1 suggesting a chelating  mode or bridging between 





characterization of the CrIII(linker-N2O1), 3-11, is necessary to determine if this species 
exists as a mononuclear compound with a single redox couple. 
Immediate next steps in the chromium surface-immobilization project include 
tethering the catalyst to high-loading Santa Barbara Amorphous type material via a click 
reaction. The Santa Barbara Amorphorus type material is a silica-based resin offering 
reproducibility of hexagonal pores in a 2D array and accurate silanol loading 
measurements.260 Unlike the dimerization inactivation pathway that aborts productive 
oxidation of substrate with an Fe(II)-containing system, based on literature precedent of 
the (salen)CrIII complexes and reactivity findings of the CrIII(N2O1) catalyst, we believe a 






 The expansion of metals for this series of varying N,N,Ox carboxylate-ligated 
complexes (x = 1  ̶  3) was devised as a solution to the inactivation pathway that hampers 
the catalytic efficiency of the FeII(N2Ox) catalysts. The ferrous complexes, with TON > 5 
per second, are extremely susceptible to the dimerization ‘dead-end’ pathway, which was 
proposed as a steep “thermodynamic sink” of the catalytic cycle. Kinetic studies of salen 
complexes (with an N,N,O,O ligation) suggest that metals such as chromium can oscillate 
between a reactive high-valent Crv-oxo on cycle and responsible for chemistry, and a mixed 
valent CrIIIOCrV dimer which exists off the catalytic cycle in equilibrium with the  
CrV-oxo.220 Moving toward replacement of the iron-center with a different metal, such as 
chromium(III), has focused on nuances of the d-electron count via electrochemical and 
spectroscopic characterization of these complexes. In addition, the generation of a series 
of chromic-based compounds with the N2Ox (x = 1 ‒ 3) ligand series allowed for the 
assessment of chemical and electronic influences of increasing carboxylate ligation at the 
same metal center.  
 The Δ parameter of infrared spectroscopy, defined as the difference between the 
asymmetric stretching frequency (νCO(as)) and the symmetric stretching frequency (νCO(as)), 
suggests that all of the ferrous, ferric, and chromic complexes are bound by a unidentate-
binding mode of the carboxylate groups of the N2Ox ligand set.
248,249 The electronic 
absorption spectra of the vibrantly colored chromium-based complexes, showed two strong 





transitions observed for the Fe(II) complexes (all < 300 nm), and the metal-to-ligand charge 
transfer bands observed for the Fe(III) complexes.  
A pronounced difference in the MIII/MII reduction potentials of the complexes was 
observed with the use of either a chromium or manganese metal center. The trends of the 
electrochemical data from the salen and EDTA chelate complexes with chromium, iron, 
and manganese supported the similar trends for the N2Ox series. With an exceedingly 
negative redox potential, chromium complexes as well as the aqueous CrII/III ion redox 
couple spanned -410 ‒ -1,000 mV. Observations of scan rate dependence of the CrIII(N2O2) 
supported a quasi-reversible behavior that was capable of reducing O2 in solution at 
potentials less than -1200 mV. The MnII(N2O1) system on the other end of the 
electrochemical spectrum, was reported to have a reduction potential of +1,290 mV. 
Further work is underway in the lab to synthesize and characterize fully the manganese(II) 
and manganese(III) series to complete the analogous comparison of the Fe(II) and Fe(III) 
complexes. The synthesis of the redox inactive [Zn(N2O3)]
- complex was provided and the 
characterization via IR spectroscopy and reactivity with iodosylbenzene is at the forefront 
of priorities of next steps in the lab.  
The initial reactivity studies of the CrIII(N2O1) and Cr
III(N2O3) complexes, still 
awaiting further study for reproducibility, suggest that unlike the inverse relationship 
between metal concentration and TON per iron center that is observed with the 
[FeII(N2O1)]
+ system, the chromic series increases TON at higher temperature and higher 
metal concentration. A more thorough study of substrates for epoxidation chemistry as well 





exploring mechanistically dramatic changes to chemical reactivity in the presence of a 
terminal oxidant. Future directions for reactivity and characterization of chromium-based 
complexes include expansion to the Cr(II) analogues of the N2Ox series. Goals include 
examining the comparative epoxidation chemistry of the Cr(II) and Cr(III) catalysts with 
the use of OAD to potentially observe CrIV-oxo and CrV-oxo species. In addition, the use 
of 18O-labled OAD molecules to aid identify the Crn+-oxo species for each ligand system 
from the corresponding Cr(II) and Cr(III) complexes. It is of interest to determine if 
[CrII(N2O1)]
+ binds α-ketoacids, and if so, does it generate a CrIV-oxo species with O2.  
 Finally, the synthetic route to a surface-immobilized chromium-based linker-
N2O1 catalyst will provide an additional comparison to the iron-based systems that are 
described at length in Chapter 4. The potential for its use in high throughput flow systems 








Figure A. 3.1. Electronic absorption spectrum of 3-7, tetraethylammonium 
tetrachloroferrate (III), [FeCl4][NEt4]. 
 





























Figure A. 3.2. Overlay of electronic absorption spectra of ferrous complexes, 2-3, 
[P.S.][FeII(N2O1)Cl2(MeOH)], 2-6, [Fe









Figure A. 3.3. Overlay of electronic absorption spectra of ferric complexes, 3-8, 
[P.S.][FeIII(N2O1)Cl3], 3-9, [NEt4][Fe








Figure A. 3.4. FT-IR spectrum of 2-2, 2-((2-(dimethylamino)ethyl)(methyl)amino)acetic 







Figure A. 3.5. FT-IR spectrum of 2-5, 2,2'-(ethane-1,2-diylbis(methylazanediyl))diacetic 







Figure A. 3.6. FT-IR spectrum of 2-8, 2,2'-((2-((carboxymethyl)(methyl)amino)-



















































Figure A. 3.13. Cyclic voltammogram overlay of ferrous N2O1 (2-3), N2O2 (2-6), and N2O3 
(2-9) complexes. All data was recorded with an internal Fc/Fc+ standard then referenced to 
a normal hydrogen electrode (NHE) potential. 0.1 M tetrabutylammonium 






Figure A. 3.14. Cyclic voltammogram overlay of ferric N2O1 (3-8), N2O2 (3-9), and N2O3 
(3-10) complexes. All data was recorded with an internal Fc/Fc+ standard then referenced 
to a normal hydrogen electrode (NHE) potential. 0.1 M tetrabutylammonium 






Figure A. 3.15. Cyclic voltammogram overlay of (─̶─) CrIII(N2O1) E1/2 = -705 mV and             
(- - -) CrIII(N2O2) E1/2 = -643 mV. All data was recorded with an internal Fc/Fc+ standard 
then referenced to a normal hydrogen electrode (NHE) potential. 0.1 M 






Chapter 4: Current and Future Efforts Towards Heterogenizing FeII(N2Ox) Moieties 
on Resin Surfaces 
 
Contribution: Dr. William Tucker, Ph.D. helped design the second-generation ligand 
synthesis and the test used to characterize the reactivity properties of the polystyrene and 
variable-loading silica-based resins. Bailey Mclernon aided in the design of functionalized 
controlled pore glass (CPG) resins and in the optimization of the second-generation ligand 
syntheses for the expanded carboxylate series.  
 
4.1 Introduction 
  Metal-based catalysts, that have transformed the landscape of advanced synthesis, 
research, and chemical production, are traditionally divided into either homogeneous or 
heterogeneous systems (Figure 4.1.).14 The 20th century saw radical improvements to 
chemical and enzymatic catalysis with recognition by the Nobel Foundation 15 times, 
accounting for 19% of the prize winners.5,6 There are numerous examples of highly 
selective homogeneous catalysts including the more recent development of novel strategies 
such as kinetic resolution of enantiomers,261 photoredox- and electro-catalysis developed 
over the last few decades, though their wide applicability is hampered by economically 
non-viable process strategies and inefficient catalyst recovery.20,262,263Although the field of 
homogeneous catalysis is a fascinating one with a rich foundation of detailed mechanistic 




employ at least one heterogeneous catalyst.264 Heterogeneous catalysts, however, 
frequently suffer from low selectivity owing to the simultaneous presence of multiple types 
of reactive sites and the requirement of more harsh reaction conditions (temperature, 
pressure) typically necessary to surmount activation energy barriers to drive reactions to 
completion, and meeting the need for industrial production operating on the ton scale.21  
 
Figure 4.1. Classification of catalysts. Adapted from Hagen.14 
 
Combining the advantages of homogeneous and heterogeneous catalysts via 
immobilized catalysts has offered the opportunity to create an important new subfield in 
catalysis based on their potential characteristics supporting high throughput as well as 
(stereo)selectivity. Techniques such as flow chemistry further offer greener chemistry 
alternatives for sustainable processes of typically high-waste sectors such as fine chemicals 
and plastics via the heterogenization of a homogeneous catalyst.263,265 
As detailed in previous chapters, the transition from metalloenzyme chemistry to 
homogeneous model chemistry suffers from numerous challenges. In a protein, global 




but also the enzyme’s ability to direct/select/differentiate targeted pathways from all 
possible pathways. Without the tertiary structure of a protein matrix to assist in modulating 
the chemistry, the small-molecule catalyst is heavily influenced by the thermodynamic 
preferences of the metal center.  With our velut vivum model, the catalysis, estimated to 
occur at >5 turnovers a second per Fe center (with TON shown to exceed 500+ for multiple 
substrates), is limited by potential competing reaction pathways available to the metal-
based reactive intermediate.125 This sterically unencumbered species, currently 
mechanistically assigned as a high-valent FeIV-oxo complex, is known to react with a 
ferrous complex under reaction conditions of high iron concentrations to inactivate via 
kinetically irreversible μ-oxo bridged dimer (diferric) complex formation. The inverse 
correlation between the catalytic efficiency and the concentration of catalyst suggests the 
observed alkane oxidation chemistry is not occurring via a radical-based initiation, a 
conclusion supported marginal decrease (within levels of reproducibility) in turnover 
number (TON).117  
Thus, the development of a resin-bound [FeII(N2O1)]
+ complex has become a goal 
in expanding the capability of our mononuclear nonheme iron model chemistry. The 
immobilized complex would preclude low solubility of the highly-charged small molecule 
catalyst and mitigate the requirement for strongly polar solvents or mixed solvent systems 
(with their potentially nonhomogeneous distribution of polar versus nonpolar solvation of 
species) thereby expanding the range of available solvents and aid in ease of catalyst 
recovery and potential recyclability. Current efforts are therefore being directed towards 





complex in order to enhance its lifetime, thus offering the community an effective system 
capable of activating O2 at ambient temperatures and pressures for C-H 
activation/oxidation for an array of substrates (Figure 4.2.).   
 
Figure 4.2. Tethering small-molecule complexes to a solid support would produce a 
heterogenized homogeneous catalyst to control self-inactivation pathway.  
 
A tactic, investigated previously in this lab to aid in the immobilization of the 
complex, was to alter the structure of the N2O1 ligand with a functional group that would 
support its ultimate linkage to insoluble resins. It is estimated with our current linker design 
that each Fe center needed to be > 35 Å apart to preclude µ-oxo dimer formation (estimated 
via bond length approximations), thereby enhancing the lifetime of the catalytic system by 
effectively eliminating the dominant mode of catalyst inactivation. Synthetic strides 
towards a linking analog of the N2O1 ligand were made using the N2O1py ligand system 
designed by previous group member Dr. Josh McNally.122 The design included an aryl ring 
as a synthetic platform for the incorporation of a variety of structural modifications without 
the addition of significant steric bulk. Although large macrocyclic and rigid ligand 
backbones have been used in other model systems to control the chemistry, our efforts on 




The N2O1py was synthesized via a reductive amination of 2-formylpyridine, 4-1, to 
give the methylamine-functionalized pyridine, 4-2 in 90% yield. Subsequent reaction with 
t-butyl bromoacetate gave the protected form of the ligand, which was isolated as a 
zwitterionic trifluoroacetate salt, 4-3 in 49% yield (Figure 4.3.).122 Modeling 
considerations (as well as DFT simulations) showed that the pyridine moiety was required 
to be located at the terminal position, as its incorporation into the middle of the ligand 
precluded the fac-binding mode with a strong preference for the undesirable mer-isomer 
owing to the planar “sp2”-like structure unlike the “sp3”-like geometric flexibility in our 
original ligand. The fac-isomer offers three cis-coordination sites for α-KG (α-
kteoglutarate) bidentate binding and dioxygen binding in a geometry that allows 
intramolecular axial attack of the subsequent, bound superoxide distal oxygen center on 
the C-2 carbonyl center of the coordinated planar five-membered ring of the α-keto moiety, 
thereby initiating the irreversible C ‒ C bond cleavage process (elimination of CO2) and 
the generation of the terminal FeIV-oxo group.  Such a concerted process cannot easily 
occur for the mer-isomer, as the bound superoxide anion is coordinated at a site the 
precludes the direct intramolecular attack to the face of the α-ketoacid chelate that is 





Figure 4.3. Top—N2O1py ligand, 4-3. Bottom—N2O1py ligand to form Fe(II) N2O1py 
complex, 4-4. Adapted from McNally.122 
 
Electrochemical characterization studies indicated that the E1/2 redox potentials of 
the parent Fe(II) N2O1 complex, 2-3, and the analogous Fe(II) N2O1py complex, 4-4, were 
within ≈ 75 mV, suggesting that incorporation of the aromatic ring had minimal effect on 
the electronic properties of the iron center. [FeII(N2O1)Cl2(MeOH)]
- and 
[FeII(N2O1py)Cl2(MeOH)]
- complexes in the presence of an α-KA (α-ketocarboxylic acid) 
also had similar absorption features indicating a bidentate-bound α-KA to produce an 
anaerobic adduct (Table 4.1.). It is worth noting that the complexes were capable of 
binding both benzoyl formate, the cofactor that most other mononuclear nonheme iron 
oxygenase (MNO) models bind, as well as α-KG (α-ketoglutaric acid), the native taurine 
dioxygenase cofactor. 
Similarities were also observed when the ferrous complexes were exposed to 
oxygen in the presence and absence of α-KG. A significant increase in the rate of μ-oxo 
formation was observed in the presence of α-KG, with both complexes showing the largest 
difference in the first 30 seconds of exposure (Figure 4.4). The dioxygen reactivity is not 









Figure 4.4. Left—Dioxygen reactivity of 0.5 mM Fe(II) N2O1 complex with α-KG (red 
trace) and without α-KG (black trace) to form diferric μ-oxo species. Dioxygen reactivity 
of 1.0 mM Fe(II) N2O1py complex with α-KG (red trace) and without α-KG (black trace) 
to form diferric μ-oxo species. Reproduced from Tarves and McNally.122,123 
 
The reactivity properties of the [FeII(N2O1py)]
+ complex were investigated for 
direct comparison to the [FeII(N2O1)]
+ parent complex. [FeII(N2O1py)]
+ was able to 
catalytically oxidize the solvent methanol in the presence of excess α-KG, with 33 ± 5 
equivalents of formaldehyde produced per iron center at [Fe] = 1.0 μM.122 Formate levels 
were not determined.  The reactivity trends that dominated for the N2O1 system, notably a 
high linearity between the TON and the inverse concentration of active catalyst, were 
observed with the N2O1py system as well. It was observed, however, that there was an 
order of magnitude decrease in overall catalytic efficiency between these two catalysts, 
with the N2O1 system showing an excess 285 ± 10 turnovers, while the N2O1py system 
gave values of 33 ± 5. The ability of the N2O1py system to utilize the native cofactor to the 




an encouraging basis to pursue further research on immobilization of the [FeII(N2O1py)]
+ 
complex. We have hypothesized that the decrease in reactivity may in part be due to 
clustering or stacking of the complex in solution that favors µ-oxo dimer formation relative 
to reaction of the potential iron-oxo intermediate with solvent (substrate). There is also the 
possibility that the pyridine moiety offers an electronic pathway for delocalization, and 
hence stabilization, in the reactive intermediate electronic structure that may induce a 
difference in the rate of substrate oxidation versus dimerization. In order to test this latter 
hypothesis, we synthesized a saturated version of the N2O1py system by synthetically 
replacing the pyridine moiety with a saturated piperidine moiety (N2O1pip).
125 While the 
ligand was made, we have yet to characterize the properties of the appropriate 
[FeII(N2O1pip)]
+ complex or determine its reactivity properties.  
The synthetic procedure for a modified N2O1py derivative was developed with an 
acetylene group incorporated in the para position of the N2O1py aromatic ring to support 
linking the ligand/complex to resin modified with an alkyl azide linker via click chemistry 
(Figure 4.5). The ligand was synthesized using a six-step synthesis, 4-5 ‒ 4-10,122,267–269 to 
produce the tert-butyl protected ester form of the p-Br N2O1 derivative, 4-11 in 77% 
yield,120 and alkynylation via a Sonogashira cross-coupling reaction, 4-12 in 81% yield.270 
Deprotection of the carboxylic acid and the acetylene group resulted in the N2O1py ligand 





Figure 4.5. First-generation N2O1 linker ligand, 4-13, synthesis. Adapted from McNally.
122 
 
 The ligand was designed with an alkyne tail with the goal of utilizing the copper(I) 
catalyzed azide-alkyne cycloaddition (CuAAC) click reaction with an azidomethyl 
functionalized polystyrene to attach the complex to the resin (Figure 4.6).258 Metalation 
reactions of the first-generation linker ligand, 4-13, followed the same procedures 
established for the parent N2O1 ligand, 2-2, and N2O1py ligand, 4-3 (stringently anaerobic 












Adduct λmax, nm 






α-KG 500 (125) 
123 






α-KG 510 (110) 
122 






+270 n/d n/d 122 
α-KG = α-ketoglutarate; BF = benzoyl formate; a Electrochemistry performed in DMSO and referenced with 
Fc/Fc+ as an internal standard and reported vs. Ag/AgCl. n/d = further characterization would be necessary.  
 
Table 4.1. summarizes the redox properties of the three complexes and shows that 
there is an increase in E1/2 from the parent N2O1 to the N2O1py to the first-generation linker 
complex. The magnitude of the change suggests minimal electronic perturbation of the iron 
center as the ligand sterics increase but the changes of the ligand environment may not 
significantly alter the initial reaction with dioxygen. Initial efforts utilized the attachment 
of 4-14 via CuAAC click reaction to macroporous 1% divinylbenzene-crosslinked 
Merrifield polystyrene resin (MPR, 1.2 mmol chloride/g resin) to produce the first-




determined via atomic absorption spectroscopy and was used to estimate that ~ 71% of the 
chloromethyl had been substituted by the azido moiety and subsequently bound to active 
linker complex via CuAAC click reaction. When using bathophenanthroline as a 
colorimetric assay, the functionalized polystyrene turned red. This bright chromophore was 
indicative of successfully binding bathophenanthroline in a bidentate-manner to the 
[FeII(N2O1py-MPR)] ferrous center, suggesting that at least two open sites were accessible 
to the immobilized catalyst, 4-17.271  
 
Figure 4.6. Top—Metalation first-generation N2O1 linker ligand, 4-13, to form first-
generation N2O1 linker ligand complex, 4-14. Bottom—Functionalization of the 
chloromethyl MPR to an azide linker for CuAAC click reaction with the alkyne tail to 
produce the [FeII(N2O1py-MPR)] complex, 4-17.   
 
In unpublished work from the lab,272 the aerobic reactivity of 4-17 was tested using 
methanol and cyclohexene and compared to the efficiency of the homogeneous 2-3 




resin system in methanol are consistent with unpublished past data in which the high levels 
of iron loading on the resin can cause inactivation by µ-oxo dimer formation.272  
 








methanol formaldehyde 285 (± 10) 33 (± 5) 6 (± 2) 
cyclohexene 
cyclohexene oxide 53 (± 2) n/d 0  
2-cyclohexen-1-ol 240 (± 19) n/d 0 
2-cyclohexen-1-one 60 (± 6) n/ 0 
a All reactions performed with 5 equiv. α-KG with and >500 equiv. substrate concentration. 
b Formaldehyde product determined by Nash assay; cyclohexene products determined by GC/MS. 
n/d = further reactivity studies would be necessary. 
 
Furthermore, we are uncertain as to what influence the hydrophobic nature of the 
support has on the requisite close approach and binding of the polar -KG coenzyme 
necessary for the reaction. It is hypothesized that cyclohexene oxidation would be difficult 
to achieve with this system. The bathophenanthroline chromophore indicates the presence 
of two open sites for binding at the ferrous center, but it does not guarantee the availability 
of the third open site necessary for the binding and activation O2. Additionally, a 5:95 
DMF:DCM mixture of solvent was required to dissolve the cyclohexene substrate. A 
cursory literature search confirmed that minimally crosslinked polymers swell, MPR being 
1% divinylbenzene-crosslinked, and thus the surface properties of the resin will be 
significantly different than its un-swelled state.273,274 Faced with about an order of 
magnitude lower intrinsic reactivity between the homogeneous 2-3 and 4-4 complexes, and 
even lower methanol oxidation with the resin 4-17 complex, three options were weighed 




environment around the iron center, 2) test higher density crosslinked resins to minimize 
the effects of the swelling (DCM) or shrinking (MeOH), and 3) decrease loading of catalyst 
on resin surface as there is a direct relationship between of TON and 1/[Fe].   
The basis for the lowered reactivity of both the homogeneous Fe(II) N2O1py 
complex, 4-4, and immobilized Fe(II) linker complex, 4-17, was hypothesized to be a mix 
of several factors. Most noticeably, the linker-derived ligand used an aromatic-modified 
skeleton, which could lead to perturbation of the electronic environment around the ferrous 
center resulting in a less potent reactive intermediate causing a decreased TON. It was 
noted that the aromaticity of the pyridine ring in the N2O1py and substituted pyridine linker 
ligands could induce attractive π-π stacking interactions between iron complexes, 
especially in resins with higher loading, thereby driving reactivity towards formation of μ-
oxo dimer, the “dead end” species. Accordingly, a postdoctoral fellow, Dr. William 
Tucker, designed a second-generation N2O1 linker ligand to incorporate the aryl ring and 




the N,N,O ‘facial triad’ motif binding around the ferrous center (4-21, Figure 4.7.).185,275 
 
Figure 4.7. Top—second-generation linker N2O1 ligand, 4-20. Bottom—metalation of 
second-generation linker N2O1 ligand to form [P.S.][Fe
II(linker-N2O1)Cl2(MeOH)], 4-21. 
  
The electrochemical and electronic characterization of [P.S.][FeII(linker-
N2O1)Cl2(MeOH)], 4-21, before being attached to resin showed properties much closer to 
the N2O1 parent complex, 2-3, than either the N2O1py complex, 4-4, or first-generation 




- both showed the presence of a MLCT 
band λmax = 620 ‒ 625 nm and subsequent hypsochromic shift upon exposure to O2 
producing the strong LMCT absorbance of the diferric μ-oxo species. The electrochemical 
properties of these two complexes with a bound benzoylformate cofactor had E1/2 redox 
potentials of 200 mV and 238 mV, [FeII(linker-N2O1)(BF)(MeOH)]
- and 
[FeII(N2O1)(BF)(MeOH)]
-, respectively. The core issue, however, was that of reactivity of 




KG as cofactor was monitored via Nash assay to quantify formaldehyde production (vida 
supra). The linker-N2O1 complex, 4-21, was capable of a TON of 11 ± 5 suggesting that a 
reasonable catalyst had been developed and the next step should be to attach it to a resin 
support. 
The first attempt to immobilize the second-generation N2O1 linker ligand complex, 
4-21, was with a macroporous aminomethylpolystyrene resin (MPPS, 1.5 ‒ 3.0 mmol 
NH2/g resin). Once the aminomethyl was functionalized to an azide linker via attachment 
of the 5-azidopentanoate tail, 4-24, CuAAC chemistry with the ferrous N2O1 linker 
complex in DMSO produced a solid white polystyrene resin.276,277 Electrochemical 
characterization of the resin proved difficult and upon addition of bathophenanthroline, no 
color change was observed. The synthesis was then altered slightly to afford the final 
catalyst via CuAAC coupling with just the ligand as the penultimate step, 4-25, and 
metalation of the iron as the final reaction (4-26, Figure 4.8.). 
 
Figure 4.8. Second-generation linker N2O1 linker ligand iron complex attached to 




This newer synthesis with iron metalation as the last step produced a deep red 
polystyrene resin upon the addition of bathophenanthroline, indicating the presence of 
ferrous iron having at least two adjacent, accessible coordination sites. Using AAS, the 
iron concentration on the resin was determined to be 0.94 mmol Fe/g resin. Even though 
the presence of ferrous iron and two cis open binding sites were confirmed with the strong 
chromophore, turnover numbers for methanol oxidation consistently averaged < 1 TON 
per iron center. A secondary reactivity test was designed to observe if the linker ligand 
complex or the polystyrene resin complex was responsible for the loss of catalytic activity. 
As a point of comparison, Fe(II) N2O1 homogeneous catalyst, 2-3, and the ferrous N2O1 
linker complex, 4-21, (prior to attachment to resin) were solvated in MeOH as a sacrificial 
substrate and allowed to react anaerobically with the oxygen atom donor (OAD) 2,6-
dimethyliodosylbenzene. Using the Nash assay as a means of quantifying the formaldehyde 
produced as the oxidized product, the turnovers for the parent N2O1 catalyst and the 
homogeneous linker complex were 43 ± 5 and 40 ± 6, respectively. The similarity of 
catalytic efficiency between these two complexes was promising and thus became the 
impetus to pursue a different resin. The possibility of autooxidation of the polystyrene 
support by the tethered catalyst complex could not be ruled out and so two avenues of 
investigation were pursued to minimize such a possibility: 1) shortening the length of the 
tether between complex and support and 2) transitioning to a non-reactive supporting 
material with minimal availability of reactive C-H bonds.  
The second surface-immobilization attempt with the second-generation N2O1 linker 




resin (4-15, MPR) that was used by Dr. Joshua McNally, in his investigations of the first-
generation linker ligand. The resin was prepared with conversion of the chloro substituent 
to the azido by nucleophilic substitution with NaN3, 4-16.
278 This design significantly 
increased the rigidity and decreased length of the linker on the resin compared to the 
flexible tether in 4-26 that was potentially capable of allowing errant hydroxylation of the 
benzylic C-H bonds of the aminomethylpolystyrene (MPPS) resin. Hopes of higher 
catalytic efficiency of the surface-immobilized complex were driven by the removal of the 
pentanal chain in the resin linker attachment (Figure 4.9.).  
 
Figure 4.9. Second-generation linker N2O1 linker ligand iron complex attached to 
immobilization chloromethyl-functionalized macroporous MPR. 
 
The final steps of the CuAAC click reaction and metalation of resin remained the 
same and produced the signature red chromophore when solvated with 
bathophenanthroline. Unfortunately, the second-generation linker catalyst on MPR, 4-27, 
mirrored the reactivity of the first-generation linker catalyst on MPR, 4-17, namely TONs 
were effectively zero for the methanol to formaldehyde conversion. It was hypothesized 
that the MPR resin (cross-linked polystyrene with chloromethyl groups) contains numerous 




productive sink, precluding substrate oxidation in the presence of support oxidation. 
Consequently, a decision was made to move away from supports that contain C-H bonds 
that can potentially compete with substrate C-H bonds in future efforts and turn to 
investigate silica as a non-oxidizable support for the heterogenization project.   
Greater success was achieved using the chloropropyl functionalized silica gel, 4-
28, which underwent the same nucleophilic substitution to provide an azido moiety on 
which to connect the second-generation N2O1 linker ligand alkyne via CuAAC click 
reaction. (4-30, Figure 4.10.).279  
 
 
Figure 4.10. Second-generation linker N2O1 linker ligand iron complex attached to 
chloropropyl-functionalized SiO2 resin. 
 
One benefit of the silica gel was the enablement of catalyst recovery and recycling 
for higher catalytic turnover. Because the silica heterogenized the homogeneous catalyst 
so effectively, each reaction was capable of being centrifuged and the supernatant removed 
and tested for TON at which point new substrate and solvent could be added and the 
reaction allowed to proceed over and over as a way of recycling the catalyst. In addition, 
when testing the resin colorimetrically with bathophenanthroline, the silica resin remained 




of color. This result suggested that the functionalization of the SiO2 was not uniform 
throughout the resin and thus challenged the assumption that these were highly dispersed 
catalysts on a solid support. Somewhat better results were obtained when the polar solvent 
used in the linking of the ligand to the support was changed to benzene/toluene to maximize 
dispersion of the initial reaction. These data gave an overall pink resin without islands of 
intense red color, suggesting better dispersion. Nonetheless, while the loading of the resin, 
as determined by AAS (atomic absorption spectrometry), reached as low as 0.006 ± 0.000 
mmol Fe/g resin, the chloropropyl functionalized silica gel was not capable of TON > 1. 
Research into the silica gel surface-immobilization eventually led the group to a 
well-studied mesoporous silica gel, Santa Barbara Amorphous type-material, SBA-15 
(6.00 mmol silanol/g resin), with applications in biotechnology as biosensors, drug 
delivery, and imaging (Figure 4.11.).  
 
Figure 4.11. Scanning electron microscope (SEM) image of prepared mesoporous silica 




Additionally, inherent to the selection of resin was the knowledge that the catalysis 
of the velut vivum N2O1 system with O2 is estimated to occur at >5 turnovers a second per 
Fe center.125 Thus, it was imperative to find a support that does not hamper catalytic 
turnover frequency by compression or swelling in a range of solvents. The mesoporous 
silica nanoparticles (MSNs) that laid the groundwork for the highly stable Santa Barbara 
Amorphous type material, 4-34 (SBA-15) offered reproducibility of hexagonal pores in a 
2D array and accurate silanol loading measurements.260,281–283 Functionalization of the 
silanol groups necessitated the preparation of an azide precursor. The two-step synthesis 
proceeded via diazotization of the primary aromatic amine, 4-31, to produce the phenyl 
azide 4-32 in 73% yield. The final step included the conversion of the primary alcohol to 
an alkyl bromide, 4-33 in 64% yield (Figure 4.12).  
 
 
Figure 4.12. Synthesis of azide functionalized aryl tail for attachment to SBA-15 resin.  
 
 The synthesis of the Fe(II) SBA-15 complex with the second-generation linker 
ligand proceeded via deprotonation of the silanol moieties to attach the azide functionalized 
aryl tail, 4-33, for an azide functionalized solid support, 4-35. The alkyne of the N2O1 linker 
ligand, 4-20, underwent a CuAAC click reaction before the final step of metalation of 4-





Figure 4.13. Second-generation N2O1 linker ligand attached to methyl capped SBA-15 
resin, MeSBA-15.  
 
Like the chloropropyl SiO2 resin, when SBA-15 with a ferrous N2O1 linker ligand 
complex was solvated with bathophenanthroline, “islands” of red were observed which 
suggested a non-uniform functionalization on the resin surface. An attempt to circumvent 
this aggregation was the addition of methyl iodide to cap the additional sites on the silica 
surface and decrease loading from the 6.00 mmol silanol/g resin available. Table 4.3 shows 
the range of loading levels in which an inverse correlation between the concentration of 
iron and the equivalents of formaldehyde produced per iron center is indicated. To date, 
this marks the most reliable surface-immobilized catalyst activity that also parallels what 





Table 4.3. Varying [Fe] in 4-37 SBA-15 complexes and O2 reactivity with + α-KG. 
Concentration  
μmol Fe/g resina 
TONb,c 
950 (±9) 0.07 (±0.03) 
123 (±2) 0.21 (±0.05) 





a Concentration determined via atomic absorption spectroscopy or atomic emission spectroscopy. 
b All reactions prepared in anaerobic conditions with >100 equiv. α-KG with and >1000 equiv. substrate 
(MeOH) concentration, then exposed to atmospheric O2 or equipped with high purity O2 balloon. 
c Formaldehyde product determined by Nash assay. 
 
 In the vast majority of the cases in which an inorganic catalyst has been linked to 
a solid support, the catalysts performing the chemistry do not inactivate via a dimerization 
or oligomerization pathway. Consequently, it is imperative for our system to space the 
linked catalysts to the support at a distance that precludes close approach and dimerization. 
All of the early resins and supports tested had the property of being high loading resins, 
which appears to be problematic in our chemistry. Our efforts then shifted to the early 
development of supports that were characterized by low numbers of disperse sites that can 
be modified to incorporate organic linker molecules. The use of controlled pore glass 
(CPG) for ultra-low loading iron surface-immobilized catalysts couples the benefit of a 
non-oxidizable silicon resin with uniform pore distribution. Significant progress has been 
made towards heterogenization of a homogeneous catalyst and the potential oxidation 
reactivity of a CPG-bound catalyst shows great promise.  
All previous immobilization work had solely focused on the N2O1 ligand as it has 




the binding and activation of O2. Additional work in this chapter details the synthetic route 
for a linker version of the N2O2 and N2O3 carboxylate-ligated series. The homogeneous 
reactivity of the [FeII(N2O1)]
+, [FeII(N2O2)], and [Fe
II(N2O3)]
- complexes with an oxygen 
atom donor suggest the possibility of resin-bound complexes capable of mitigating the μ-
oxo ‘dead-end’ species, for significantly high catalytic efficiencies. The ubiquitous need 
for catalysts capable of oxidizing highly challenging substrates with an OAD underpins the 




4.2 Experimental Section 
4.2.1 General experimental considerations 
 All solvents used were purified as follows: methanol (Pharmco-Aaper, 
Brookfield, CT) was distilled from magnesium metal, dimethyl sulfoxide (Sigma Aldrich, 
St. Louis, MO) was distilled under vacuum from calcium hydride, triethylamine (Fisher 
Scientific, Hampton, NH) was dried and distilled from sodium metal, unstabilized 
dichloromethane (Fisher Scientific, Hampton, NH) was distilled from calcium hydride, 
stabilized tetrahydrofuran (Pharmco-Aaper, Brookfield, CT) was dried and distilled in inert 
atmosphere using sodium metal and benzophenone, dimethylformamide (Pharmco-Aaper, 
Brookfield, CT) was distilled under vacuum from P2O5. N-benzylethylenediamine starting 
material was purchased from Oakwood Chemical (Estill, SC). Amino-Syn Base CPG 
500/110 was purchased from Link Technologies Ltd. (Lanarkshire, Scotland). All other 
chemicals were purchased from Sigma Aldrich (St. Louis, MO) and were used as received 
unless specified. All manipulations involving air sensitive complexes were carried out in 
an inert atmosphere glovebox (M. Braun Unilab UL-1815, 115 V, N2 gas purification 
system) with distilled and thoroughly degassed solvents or on a dual vacuum/gas (N2) 
manifold using Schlenk techniques. UV/Vis spectra were collected using a Hewlett 
Packard 845x UV-Visible System (Model 8453). IR spectra were collected using a Thermo 
Nicolet AVATAR 330-FT-IR. NMR spectra were recorded at 25 ºC using a Varian 
spectrometer (1H-NMR at 500 MHz; 13C-NMR at 175 MHz) with all chemical shifts 




Atomic Emission Spectrometer. The syntheses of all molecules adapted from previously 
published methods are denoted at outset of the synthesis.  
4.2.2 Linker Ligand Syntheses 
Synthesis of (N-(dimethylamino)ethyl)glycine (4-19)185: To a dry, 500 mL high-pressure 
Pyrex bottle were added 10 mL of MeOH and 1.04 g (11.3 mmol) of glyoxylic acid 
monohydrate. Once the acid dissolved, the solution was cooled to 0 °C when 1.24 mL (11.3 
mmol) of N,N-dimethylethylenediamine, 4-18, was added dropwise. The mixture was then 
warmed to RT and 106 mg (0.1 mmol Pd) of 10 wt% Pd/C added. The atmosphere was 
flushed with N2 and the reaction was run in a high-pressure hydrogenator for 4 h at 45 psi. 
The bottle was then flushed with N2 and the mixture filtered through a celite pad and 
washed with 400 mL MeOH. The solvent was removed in vacuo to give 1.76 g 
(quantitative yield) of pure product. 1H-NMR (500 MHz, CDCl3): δ 3.47 (s, 2H, 
Me2NCH2CH2NH-CH2-CO2H), 3.05 (t, 2H, Me2N-CH2-CH2NHCH2CO2H), 2.64 (t, 2H 
Me2NCH2-CH2-NHCH2CO2H), 2.27 (s, 6H, (CH3)2-NCH2CH2NHCH2CO2H); 
13C-NMR 
(125 MHz, CDCl3): δ 171.43 (CO2H), 55.10 (Me2NCH2CH2NH-CH2-CO2H), 49.92 
(Me2N-CH2-CH2NHCH2CO2H), 44.95 ((CH3)2-NCH2CH2NHCH2CO2H), 44.59 
(Me2NCH2-CH2-NHCH2CO2H). 
Synthesis of N-(2-(dimethylamino)ethyl)-N-(4-ethynylbenzyl)glycine275 (4-20): To a 
dried 100 mL round bottom flask were added 50 mL dry THF, 774 mg (5.3 mmol) of 4-
19, 690 mg (5.3 mmol) of 4’-ethynylbenzaldehyde, 4-45, and 0.75 mL (5.3 mmol) TEA. 
This was allowed to stir for 0.5 h (remained cloudy) before adding 1.7 g (8 mmol) of 




atmosphere.  The reaction was then diluted with 100 mL of pH 9.5 buffer (371 mg Na2CO3 
and 546 mg NaHCO3) and extracted with 4 x 100 mL aliquots of CH2Cl2. The organic 
layers were combined, dried over MgSO4, and then concentrated in vacuo to yield a crude 
product. The crude product was purified by column chromatography (10 mm diameter, 16 
cm height, silica column) using 78% CHCl3, 20% MeOH, and 2% NH4OH
284 to yield a 
pale yellow solid, 0.952 g (69% yield). ESI/MS (+) (MeOH, 0.1 mg/mL, m/z): 261.1598 
[C15H20N2O2 + H]
+, calc’d for C15H20N2O2 = 260.15; 
1H-NMR (500 MHz, CDCl3): δ 7.47 
– 7.33 (m, 4H, Me2NCH2CH2N(CH2-C6H4-CCH)R), 3.69 (s, 2H, Me2NCH2CH2NR-CH2-
CO2H), 3.53 (s, 1H, Me2NCH2CH2N(CH2C6H4C-CH-)R), 3.16 (s, 2H, Me2NCH2CH2N(-
CH2-C6H4CCH)R), 3.05 (t, 2H, Me2NCH2-CH2-NRCH2CO2H), (t, 2H, Me2N-CH2-
CH2NRCH2CO2H), 2.69 (s, 6H, (CH3)2-NCH2CH2NRCH2CO2H); 
13C-NMR (125 MHz, 
CDCl3): δ 179.28 (CO2H), 138.84 (Me2NCH2CH2N(CH2-C6H4-CCH)R), 132.16 
(Me2NCH2CH2N(CH2-C6H4-CCH)R), 129.51 (Me2NCH2CH2N(CH2-C6H4-CCH)R), 
120.55 (Me2NCH2CH2N(CH2-C6H4-CCH)R), 83.61 (Me2NCH2CH2N(CH2C6H4C-CH-
)R), 78.50 (Me2NCH2CH2N(CH2C6H4-C-CH)R), 59.50 (Me2NCH2-CH2-NRCH2CO2H), 
57.93 (Me2NCH2CH2N(-CH2-C6H4CCH)R), 55.38 Me2N-CH2-CH2NRCH2CO2H), 48.97 
(Me2NCH2-CH2-NRCH2CO2H), 42.36 ((CH3)2-NCH2CH2NRCH2CO2H). 
Synthesis of N1-benzyl-N2-methylethane-1,2-diamine (4-47): To an oven dried 500 mL 
round bottom flask, N-methylethylenediamine, 4-46, 5.88 mL (5 g, 0.067 mol), was added 
to 150 mL of dry MeOH. The stirred solution was cooled to 0 °C and monitored to stay at 
this temperature until completion of the reaction. Upon cooling, benzaldehyde, 6.84 mL 




h. After the full addition, the solution was allowed to stir covered under inert atmosphere 
for 3 hrs. NaBH4, 2.53 g (0.067 mol), was added slowly to the stirring reaction (Caution: 
excess gas formation). After the addition of the NaBH4, the solution was allowed to warm 
to RT and stirred overnight under inert atmosphere. To quench the reaction, 100 mL of DI 
H2O was added resulting in a pearly/cloudy white solution. The product was extracted 
twice using 100 mL of CH2Cl2 each time where the resulting aqueous layer was a bright 
white color, and the organic layer a slight pale-yellow color. The organic layers were 
combined, dried over MgSO4, and concentrated in vacuo to produce 9.49 g (86% yield) of 
pure product. ESI/MS (+) (MeOH, 0.1 mg/mL, m/z): 165.1317 [M + H]+, calc’d for 
C10H16N2 = 164.13; 
1H-NMR (500 MHz, CDCl3): δ 7.30 – 7.23 (m, 5H, C6H5-
CH2NHCH2CH2NHCH3), 3.76 (s, 2H, C6H5-CH2-NHCH2CH2NHCH3), 2.71 (t, 2H, 
C6H5CH2NH-CH2-CH2NHCH3), 2.67 (t, 2H, C6H5CH2NHCH2-CH2-NHCH3), 2.38 (s, 3H, 
C6H5CH2NHCH2CH2NH-CH3); 
13C-NMR (125 MHz, CDCl3): δ 140.38 (C6H5-
CH2NHCH2CH2NHCH3), 128.31 (C6H5-CH2NHCH2CH2NHCH3), 128.04 (C6H5-
CH2NHCH2CH2NHCH3), 126.84 (C6H5-CH2NHCH2CH2NHCH3), 53.90 (C6H5-CH2-
NHCH2CH2NHCH3), 51.42 (C6H5CH2NHCH2-CH2-NHCH3), 48.43 (C6H5CH2NH-CH2-
CH2NHCH3), 36.27 (C6H5CH2NHCH2CH2NH-CH3). 
Synthesis of tert-butyl N-benzyl-N-(2-((2-(tert-butoxy)-2-oxoethyl)(methyl)amino)- 
ethyl)glycinate (4-48): To a 1000 mL round bottom flask and stir bar, 4-47, 9.49 g (0.058 
mol), was dissolved in 600 mL of solvent (480 mL THF: 120 mL H2O). After full 
dissolution, K2CO3, 16.03 g (0.116 mol), was added to stirring solution followed by the 




solution was heated and refluxed 18 h. After removal from heat, the flask was allowed to 
cool to RT. The pure final product was extracted twice with 100 mL of EtOAc each wash, 
resulting in a reddish organic layer that was dried over MgSO4 and concentrated in vacuo, 
17.97 g (79% yield). ESI/MS (+) (MeOH, 0.5 mg/mL, m/z): 393.2754 [C22H36N2O4 + H]
+, 
calc’d for C22H36N2O4 = 392.27; 
1H-NMR (500 MHz, CDCl3): δ 7.35 – 7.23 (m,  5H,  
C6H5-CH2NRCH2CH2NCH3R), 3.81 (s, 2H,  C6H5-CH2-NRCH2CH2NCH3R), 3.27 (s, 2H,  
C6H5CH2N(-CH2-CO2(CH3)3)CH2CH2-NCH3R), 3.17 (s, 2H,  C6H5CH2NR-
CH2CH2NCH3(-CH2-CO2(CH3)3), 2.81 (t, 2H, C6H5CH2NR-CH2-CH2NCH3R), 2.67 (t, 
2H, C6H5CH2NRCH2-CH2-NCH3R), 2.35 (s, 3H, C6H5CH2NRCH2CH2N-CH3-R), 1.46 (s, 
9H,   C6H5CH2NRCH2CH2NCH3(CH2CO2C-(CH3)3) 1.45 (s, 9H,   C6H5CH2N(CH2CO2C-
(CH3)3)CH2CH2NCH3R); 
13C-NMR (125 MHz, CDCl3): δ 170.83 C6H5CH2N(CH2-CO2-
C(CH3)3)CH2CH2NCH3R), 170.28 (C6H5CH2NRCH2CH2NCH3(CH2-CO2-C(CH3)3), 
139.11 (C6H5-CH2NRCH2CH2N-CH3R), 128.92 (C6H5-CH2NRCH2CH2NCH3R), 128.15 
(C6H5-CH2NRCH2CH2NCH3R), 126.94 (C6H5-CH2NRCH2CH2NCH3R), 80.70 
(C6H5CH2N(CH2CO2-C-(CH3)3)-CH2CH2NCH3R), 80.66 (C6H5CH2NRCH2CH2NCH3-
(CH2CO2-C-(CH3)3), 59.34 (C6H5CH2NR-CH2-CH2NCH3R), 58.48 (C6H5CH2NRCH2-
CH2-NCH3R), 55.20 (C6H5CH2NRCH2CH2NCH3(-CH2-CO2C(CH3)3), 54.81  
(C6H5CH2N(-CH2-CO2C-(CH3)3)CH2CH2NCH3R), 51.51 (C6H5-CH2-






Synthesis of tert-butyl (2-((2-(tert-butoxy)-2-oxoethyl)(methyl)amino)ethyl)glycinate 
(4-49): 4-48 (6.0 g, 15.2 mmol) and 75 mL of MeOH were added to a Pyrex pressure flask. 
The atmosphere was flushed with N2 for 10 minutes at which time Pearlman’s catalyst, 
1.17 g (20% Pd(OH)2/C, 8.3 mmol), was added to the solution followed by 10% Pd/C,  
887 mg (8.3 mmol). The dark black solution was allowed to purge under inert atmosphere 
for another 0.5 h and pressurized to 50 psi with H2 for 72 h. The flask was flushed with N2 
and the contents filtered through a celite pad and washed with 400 mL of MeOH. The 
solvent was removed in vacuo and the crude product was purified via column 
chromatography (50 mm diameter, 12-inch height, silica column) EtOAc:Hex 1:1 followed 
by  DCM:MeOH 90:10 to give a purified yellow oil 3.63 g (79% yield). ESI/MS (+) 
(MeOH, 0.15 mg/mL, m/z): 303.2281 [C15H30N2O4 + H]
+, calc’d for C15H30N2O4 = 302.22; 
1H-NMR (500 MHz, CDCl3): δ 3.38 (s, 2H, (CH3)3CCO2-CH2-NHCH2CH2NCH3R), 3.17 
(s, 2H, RNHCH2CH2NCH3-CH2-CO2C(CH3)3, 2.74 (t, 2H, RNH-CH2-CH2NCH3R), 2.70 
(t, 2H, RNHCH2-CH2-NCH3R), 2.35 (s, 3H, RNHCH2CH2N-CH3-R), 1.92 (s, 1H, R-NH-
CH2CH2NCH3R), 1.40 (s,  9H, (CH3)3-CCO2CH2NHCH2CH2NCH3R), 1.39 (s, 9H, 
RNHCH2CH2NCH3CH2CO2C-(CH3)3); 
13C-NMR (125 MHz, CDCl3): δ 169.37 ((CH3)3C-
CO2-CH2NHCH2CH2NCH3R),  168.84 (RNHCH2CH2NCH3CH2-CO2-C(CH3)3),  80.86 
((CH3)3-C-CO2CH2NHCH2CH2NCH3R), 80.08 (RNHCH2CH2NCH3CH2CO2-C-(CH3)3), 
58.01 ((CH3)3CCO2-CH2-NHCH2-CH2NCH3R), 53.79 (RNHCH2CH2NCH3-CH2-
CO2C(CH3)3), 49.15 (RNH-CH2-CH2NCH3R), 44.86 (RNHCH2-CH2-NCH3R), 40.79 





Synthesis of tert-butyl N-(2-((2-(tert-butoxy)-2-oxoethyl)(4-ethynylbenzyl)amino)- 
ethyl)-N-methylglycinate (4-50): 50 mL of freshly distilled and dried THF was added to 
a 100 mL Schlenk flask under a nitrogen atmosphere and 4-49, 500 mg (1.65 mmol), and 
232 μL of TEA (1.65 mmol) was added via syringe and allowed to stir until a homogeneous 
solution resulted. 4’-ethynylbenzaldehyde, 4-45, 215 mg (1.65 mmol), was added and the 
deep amber resulting solution was stirred for 0.5 h under a static inert atmosphere. Sodium 
triacetoxyborohydride, 524 mg (2.48 mmol), was added in one portion to the solution and 
stoppered. The mixture was allowed to react for 3 days at RT, stirring under a static inert 
nitrogen atmosphere. The amber colored solution was poured over a celite plug and washed 
with 250 mL of THF. The resulting orange filtrate was dried in vacuo and purified via 
column chromatography (20 mm diameter, 8inch height, silica column) and DCM:MeOH 
90:10 solvent system with a purified mass of 153 mg (22% yield). ESI/MS (+) (MeOH, 
0.15 mg/mL, m/z): 417.2751 [C24H36N2O4 + H]
+, calc’d for C24H36N2O4 = 416.27; 
1H-
NMR (500 MHz, CDCl3): δ 7.35 – 7.23 (m, 4H, R1N(CH2-C6H4-CCH)CH2CH2NCH3R1), 
3.73 (s, 2H, R1N(-CH2-C6H4CCH)CH2CH2NCH3R1), 3.19 (s, 2H,  (CH3)3CO2-CH2-
NR2CH2CH2NCH3R1), 3.09 (s, 2H, R1NR2CH2CH2NCH3-CH2-CO2C(CH3)3), 2.98 (s, 1H, 
R1N(CH2C6H4C-CH)CH2CH2NCH3R1), 2.71 (t, 2H, R1NR2-CH2-CH2NCH3R1),  2.58 (t, 
2H, R1NR2CH2-CH2-NCH3R1), 2.27 (s, 3H, R1NR2CH2CH2N-CH3-R1), 1.38 (s, 9H, 
(CH3)3-CCO2CH2NR2CH2CH2NCH3R1), 1.37 (s, 9H, R1NR2CH2CH2NCH3CH2CO2C-
(CH3)3); 
13C-NMR (125 MHz, CDCl3): δ 170.67 ((CH3)3C-CO2-





CH2CH2NCH3R1), 128.79 (R1N(CH2-C6H4-CCH)CH2CH2NCH3R1), 120.67 (R1N(CH2-
C6H4-CCH)CH2CH2-NCH3R1), 83.66 (R1N(CH2C6H4-C-CH)CH2CH2N-CH3R1), 80.80 
(R1N(CH2C6H4C-CH)CH2CH2NCH3R1), 76.91 ((CH3)3-C-CO2CH2NR2CH2-
CH2NCH3CH2CO2-C-(CH3)3), 59.26 (R1NR2CH2CH2NCH3-CH2-CO2C(CH3)3), 58.28 
((CH3)3CCO2-CH2-NR2CH2CH2NCH3R1), 55.22 (R1N(-CH2-C6H4CCH)-
CH2CH2NCH3R1), 54.74 (R1NR2CH2-CH2-NCH3R1), 51.48 (R1NR2-CH2-CH2NCH3R1), 
42.41 (R1NR2CH2CH2N-CH3-R1), 28.17 ((CH3)3-CCO2CH2NR2CH2CH2NCH3R1), 28.11 
(R1NR2CH2CH2-NCH3CH2CO2C-(CH3)3). 
Synthesis of di-tert-butyl 2,2'-((2-(benzyl(2-(tert-butoxy)-2-oxoethyl)amino)ethyl) 
azanediyl)diacetate (4-53): To a dried 100 mL round bottom flask was added N-
benzylethylenediamine, 4-52, 2.0 g (13.3 mmol), dissolved in 60 mL (50 mL THF: 10 mL 
H2O). After full dissolution, K2CO3, 16.03 g (0.116 mol), was added with stirring. Tert-
butylbromoacetate, 6.62 mL (47.9 mmol), was then added dropwise via syringe resulting 
in an off-white cloudy solution. The solution was refluxed for 3 h and then allowed to cool 
to RT with continuous stirring. The product was extracted with 2 x 25 mL of EtOAc and 
the reddish organic layer was dried over MgSO4 and concentrated in vacuo, for a 
quantitative yield of 6.87 g. ESI/MS (+) (MeOH, 0.1 mg/mL, m/z): 493.3273 [C27H44N2O6 
+ H]+, calc’d for C27H44N2O6 = 492.32; 
1H-NMR (500 MHz, CDCl3): δ 7.34 – 7.21 (m, 
5H, R1N(CH2-C6H5)CH2CH2N(R1)2), 3.79 (s, 2H, R1N(-CH2-C6H5)CH2CH2N(R1)2), 3.44 
(s, 4H, R1NR2CH2CH2N(-CH2-CO2C(CH3)3)2), 3.26 (s, 2H, (CH3)3CCO2-CH2-
NR2CH2CH2N(R1)2),  2.85 (t, 2H, R1NR2-CH2-CH2N(R1)2),  2.82 (t, 2H, R1NR2CH2-CH2-





13C-NMR (125 MHz, CDCl3): δ 170.86 ((CH3)3C-
CO2-CH2NR2CH2CH2N(R1)2), 170.73 (R1NR2CH2CH2N(CH2-CO2-C(CH3)3)2), 139.10 
(R1N(CH2-C6H5)CH2CH2N(R1)2),  128.98 (R1N(CH2-C6H5)CH2CH2N(R1)2), 128.17 
(R1N(CH2-C6H5)CH2CH2N(R1)2), 126.95 (R1N(CH2-C6H5)CH2CH2N(R1)2), 80.76 
(R1NR2CH2CH2N(CH2CO2-C-(CH3)3)2), 80.64 ((CH3)-C-CO2CH2NR2CH2CH2N(R1)2), 
55.32 (R1N(-CH2-C6H5)CH2CH2N(R1)2), 56.16 (R1NR2CH2CH2N(-CH2-CO2C(CH3)3)2),  
55.01 ((CH3)3CCO2-CH2-NR2CH2CH2N(R1)2), 52.55 (R1NR2-CH2-CH2N(R1)2), 51.98 
(R1NR2CH2-CH2-N(R1)2), 28.20 ((CH3)3-CCO2CH2NR2CH2CH2N(R1)2), 28.14 
(R1NR2CH2CH2N(CH2CO2C-(CH3)3)2). 
Synthesis of di-tert-butyl 2,2'-((2-((2-(tert-butoxy)-2-oxoethyl)amino)ethyl)azanediyl) 
diacetate (4-54): To a Pyrex pressure flask, 4-53, 500 mg (1.01 mmol), and 15 mL of 
MeOH were mixed. The atmosphere was flushed with N2 for 10 minutes. Pearlman’s 
catalyst, 79 mg (20% Pd(OH)2/C, 0.56 mmol), was added to the solution followed by 10% 
Pd/C, 60 mg (0.56 mmol). The dark black solution was allowed to purge under inert 
atmosphere for another 0.5 h and pressurized under 50 psi with H2 for 24 h. The flask was 
flushed with N2 and then the mixture filtered through celite and washed with 100 mL 
of MeOH. The solvent was removed in vacuo to give 350 mg of pure product (86% yield). 
ESI/MS (+) (MeOH, 0.1 mg/mL, m/z): 403.2807 [C20H38N2O6 + H]
+, calc’d for 
C20H38N2O6 = 402.27; 
1H-NMR (500 MHz, CDCl3): δ 3.60 (s, 2H, (CH3)3CCO2-CH2-
NHCH2CH2(R)2),  3.48 (s, 4H, RNHCH2CH2N(-CH2-CO2C(CH3)3)2), 3.41 (s, 1H, R-NH-
CH2CH2N(R)2), 3.06 (t, 2H, RNH-CH2-CH2N(R)2), 2.93 (t, 2H, RNHCH2-CH2-N(R)2), 





13C-NMR (125 MHz, CDCl3): δ 171.19 
(RNHCH2CH2N(CH2-CO2-C(CH3)3)2), 164.53 ((CH3)3C-CO2-CH2NHCH2CH2N(R)2), 
83.74 ((CH3)3-C-CO2CH2NHCH2CH2N(R)2), 77.75 (RNHCH2CH2N(CH2CO2-C-
(CH3)3)2), 56.48 (RNHCH2CH2N(-CH2-CO2C(CH3)3)2),  50.79 ((CH3)3CCO2-CH2-
NHCH2CH2N(R)2),  47.81 (RNHCH2-CH2-N(R)2), 45.61 (RNH-CH2-CH2N(R)2),  27.78 
(RNHCH2CH2N(CH2CO2C-(CH3)3)2),  27.67 ((CH3)3-CCO2CH2NHCH2CH2N(R)2). 
Synthesis of di-tert-butyl 2,2'-((2-((2-(tert-butoxy)-2-oxoethyl)(4-ethynylbenzyl) 
amino)ethyl)azanediyl)diacetate (4-55): 20 mL of freshly distilled and dried THF was 
added to a 100 mL Schlenk flask under an inert atmosphere and 4-54, 500 mg (1.25 mmol), 
was allowed to stir until a homogeneous solution resulted. 4’-ethynyl-benzaldehyde, 4-45 
162 mg (1.25 mmol), was added and the deep amber resulting solution was stirred for  
0.5 h under a static inert atmosphere. Sodium triacetoxyborohydride, 397 mg (1.88 mmol), 
was added in one portion to the solution and stoppered. Solution was allowed to react for 
3 days at RT, stirring under a static inert atmosphere. The amber colored solution was 
poured over a celite plug washed with 250 mL of THF. The resulting orange filtrate was 
dried in vacuo and purified via column chromatography (10 mm diameter, 18-inch height, 
silica column) with a 1:1 EtOAc:Hex solvent system for a purified mass of 400 mg (77% 
yield). ESI/MS (+) (DCM, 0.10 mg/mL, m/z): 517.3274 [C29H44N2O6 + H]
+, calc’d for 
C29H44N2O6 = 516.32; 
1H-NMR (500 MHz, CDCl3): δ 7.35  ̶  7.24 (m, 4H, R1N(CH2-C6H4-
CCH)CH2CH2N(R1)2), 3.73 (s, 2H, R1N(-CH2-C6H5 CCH)CH2CH2N(R1)2), 3.36 (s, 4H, 
R1NR2CH2CH2N(-CH2-CO2C(CH3)3)2),  3.19 (s, 2H, (CH3)3CCO2-CH2-




R1NR2-CH2-CH2N(R1)2), 2.73 (t, 2H, R1NR2CH2-CH2-N(R1)2), 1.38 (s, 9H, (CH3)3-
CCO2CH2NR2CH2CH2N(R1)2), 1.35 (s, 18H, R1NR2CH2CH2N(CH2CO2C-(CH3)3)2); 
13C-
NMR (125 MHz, CDCl3): δ 169.69 (R1NR2CH2CH2N(CH2-CO2-C(CH3)3)2),  169.66 
((CH3)3C-CO2-CH2NR2CH2CH2N(R1)2),  139.28 (R1N(CH2-C6H4-CCH)CH2CH2N(R1)2), 
131.00 (R1N(CH2-C6H4-CCH)CH2CH2N(R1)2),  127.84 (R1N(CH2-C6H4-
CCH)CH2CH2N(R1)2), 119.70 (R1N(CH2-C6H4-CCH)CH2CH2N(R1)2), 82.69 
(R1N(CH2C6H4-C-CH)CH2CH2N(R1)2), 79.76 (R1NR2CH2CH2N(CH2CO2-C-(CH3)3)2),   
79.71 ((CH3)3-C-CO2CH2NR2CH2CH2N(R1)2),    75.75 (R1N(CH2C6H4C-
CH)CH2CH2N(R1)2), 57.11 (R1N(-CH2-C6H4CCH)CH2CH2N(R1)2),  55.13 
(R1NR2CH2CH2N(-CH2-CO2C(CH3)3)2), 54.04   ((CH3)3CCO2-CH2-NR2CH2CH2N(R1)2), 
51.21 (R1NR2CH2-CH2-N(R1)2), 50.90  (R1NR2-CH2-CH2N(R1)2),   29.30 ((CH3)3-
CCO2CH2NR2CH2CH2N(CH2CO2C-(CH3)3)2). 
Synthesis of 2,2'-((2-((carboxymethyl)(4-ethynylbenzyl)amino)ethyl)azanediyl) 
diacetate (4-56): A 100 mL round bottom flask was charged with 4-55, 150 mg (0.291 
mmol) in 11 mL of 5:5:1 THF:MeOH:H2O resulting in a stirring yellowish solution.   
LiOH ∙ H2O, 244 mg (5.82 mmol), was added to the stirred solution. The rosé-colored 
solution was allowed to stir at RT for 12 h under an inert atmosphere. Solution was dried 
in vacuo then re-dissolved in 250 mL of H2O and the pH was adjusted very slowly down 
to 5 using conc HCl. Solution was washed 200 mL of CHCl3 and aqueous layer was dried 
in vacuo. Final mass could not be identified due to large presence of inorganic salts. 
ESI/MS (+) (H2O, 0.10 mg/mL, m/z): 371.1205 [C17H20N2O6 + Na]
+, calc’d for 
C17H20N2O6 = 348.13; 





3-), 3.89 (s, 1H, [R1N(CH2C6H4C-CH)CH2CH2N(R1)2]
3-), 3.38 
(s, 2H, [COO-CH2-NR2CH2CH2N(R1)2]
3-), 3.30 (s, 4H, [R1NR2CH2CH2N(-CH2-COO)2]
3-
), 3.22 (s, 2H, [R1N(-CH2-C6H4CCH)CH2CH2N(R1)2]
3-), 3.04 – 2.91 (m, 4H, [R1NR2-CH2-
CH2-N(R1)2]


















4.2.3 General syntheses 
Synthesis of (4-azidophenyl)methanol285 (4-32): Sodium nitrite, 2.0 g (28.9 mmol), was 
dissolved in 50 mL of DI H2O in a 500 mL round bottom flask. 4-aminobenzyl alcohol, 4-
31, 2.46 g (19.9 mmol), was dissolved in 6M HCl and then added to the stirred NaNO2 
solution at 0 °C. The solution was allowed to stir for 0.5 h until a homogeneous solution 
was observed. NaN3, 5.2 g (79.9 mmol), was added to 100 mL of DI H2O and was then 
added dropwise to the stirred solution over a period of 1.5 h. The dark brown solution was 
allowed to stir at RT for an additional 2 h. Product was extracted with 3 x 100 mL of EtO2, 
the organic layers were combined and washed first with 3 x 50 mL of saturated NaHCO3 
solution, and then with 50 mL of brine. The organic layer was dried over MgSO4, filtered, 
and concentrated in vacuo to give 2.15 g of pure product (73% yield). Caution: because of 




a scale no larger than 10 g. 1H-NMR (500 MHz, CDCl3): δ 7.36 (d, 2H, N3-C6H4-CH2OH), 
7.03 (d, 2H, N3-C6H4-CH2OH), 5.21 (s, 1H, N3C6H4CH2-OH), 4.67 (s, 2H, N3C6H4-CH2-
OH); 13C-NMR (125 MHz, CDCl3): δ 139.36 – 119.10 (N3-C6H4-CH2OH), 64.69 (N3C6H4-
CH2-OH).  
Synthesis of 1-azido-4-(bromomethyl)benzene285 (4-33): To a 250 mL round bottom 
flask was added 4-32 solvated in 50 mL of CHCl3. *Caution: phosphorus tribromide fumes 
in moist air and is suggested to be handled with care.* PBr3, 1.64 mL (17.3 mmol), was 
added dropwise via a gas-tight syringe to the stirring solution. The solution was equipped 
with an oil bubbler to monitor gas evolution and was allowed to react at RT for 2 h. The 
reaction was quenched with 150 mL of a saturated NaHCO3 solution and organic phase 
separated and washed with 50 mL of DI H2O. The resulting organic phase was dried over 
MgSO4, filtered, and concentrated in vacuo to give an orange oil 1.94 g (64% yield). 
Selected IR bands, (reflectance, solid) νmax/cm
-1: 2110 (N3); 
1H-NMR (500 MHz, CDCl3): 
δ 7.32 (d, 2H, N3-C6H4-CH2Br), 6.94 (d, 2H, N3-C6H4-CH2Br), 4.41 (d, 2H, N3C6H4-CH2-
Br). 
Synthesis of 1.0 mmol/ g resin azide functionalized mesoporous silica gel (4-35): To a 
dried 250 mL round bottom flask was added 50 mL of dry toluene and 1.0 g (6 mmol) of 
Santa Barbara Amorphous type material or SBA-15, 4-34, that were then allowed to stir 
under an inert atmosphere. NaH, 144 mg (6 mmol), was added in one portion and the 
headspace of the reaction vessel was flushed thoroughly with N2 gas. 4-33, 212 mg (1 
mmol), was added to the stirred solution and the resulting yellow mixture was allowed to 




with 50 mL of EtOH, 50 mL of Et2O, and 20 mL acetone. The white product, which was 
allowed to dry fully, resulted in a yield of 1.316 g. Selected IR bands, (reflectance, KBr 
solid pellet) νmax/cm
-1: 2330 (N3 on resin), 2110 (N3 in solution). 
Synthesis of 1.0 mmol/ g SBA-15 functionalized with linker-N2O1286 (4-36): To a dry 
50 mL round bottom flask were added 163 mg (0.625 mmol) of linker-N2O1 ligand and 
25 mL of DMSO. This mixture was allowed to stir until homogeneous at which point 658 
mg of 4-35 (1 mmol/g, 0.5 mmol azide) and 19 mg (0.1 mmol) of Cu(I)I were added. The 
reaction was allowed to stir under N2 for 48 h. The reaction was quenched by adding 100 
mL of saturated NH4Cl solution and the resin was collected by vacuum filtration.  The resin 
was then washed with 50 mL of 50% CH3COOH, 100 mL of pH 9.5 NaHCO3 buffer, 100 
mL of H2O and 50 mL of each MeOH, EtOH, THF, and Et2O.  The resulting white solid 
weighed 283 mg.   
Synthesis of 0.05 μmol/g SBA-15[FeII(linker-N2O1)Cl2(MeOH)] (4-37): In an inert 
atmosphere glovebox, 1 g of 0.1 μmol/ g of 4-36 was added to 20 mL of freshly distilled 
and deoxygenated MeOH and allowed to stir covered. 10 mg of 1,8-
bis(dimethylamino)naphthalene (proton sponge) was dissolved in MeOH for a final 20 mL 
stock (7.78 μM) while 10 mg of FeCl2 was dissolved in MeOH for a final dilute stock of 
3.9 mM. To the stirring resin slurry, 10 μL of dilute iron stock (39 nmol) and 10 μL of 
dilute proton sponge stock (155 nmol) solutions were added and allowed to stir for 0.5 h. 
The complex was collected, washed with 2 x 5 mL of CH2Cl2, and dried over several hours 
in vacuo. Mass of resulting white powder was 1.660 g. Loading of metal on resin was 




Synthesis of triflic azide in situ287 (4-39): To a 10 mL scintillation vial was added 545 mg 
of NaN3 (8.38 mmol) to 1.37 mL of DI H2O stirring. 1.37 mL of toluene was added to the 
solution and reaction was stoppered with a gas evolution bubbler and cooled to 0 °C with 
vigorous stirring. Triflic anhydride, 4-38, 700 μL (4.17 mmol), was transferred to the 
solution dropwise via a gastight syringe. The solution was stirred vigorously for an 
additional 0.5 h at 0 °C and then allowed to warm to 10 °C when it was stirred for an 
additional 2 h at 10° C. Upon completion of the reaction, the solution was allowed to warm 
to RT and was quenched with a saturated NaHCO3 solution until gas evolution stopped, as 
monitored via a bubbler. The organic layer was separated via pipette and the aqueous layer 
was extracted 2 x 1.37 mL of toluene. The organic layers were combined and triflic azide, 
4-39, was used immediately in the following synthesis for 4-41.  
Synthesis of 79 μmol/g Amino-SynBase azide functionalized controlled pore class (4-
41): To a 15 mL scintillation vial was added 4 mL of toluene and 1.00 g (0.079 mmol/g 
resin) of Amino-SynBase CPG 500/110, 4-40. The solution was stoppered with rubber 
septum and the toluene solution containing triflic azide, 4-39, produced in situ was added 
via a gas tight syringe. Cu(II)SO4 ∙ 5 H2O, 12 mg (0.048 mmol), was added to 150 μL of 
DI H2O and added to reaction via syringe. The reaction was allowed to stir at ambient 
pressure, was equipped with a transfer needle through the septum and heated to 37 °C for 
24 h. The reaction was cooled to RT, filtered, and washed with 1 x 10 mL of toluene, 3 x 
10 mL of NH4OH, and 1 x 10 mL of toluene. Final mass of the slightly light blue powder 




Synthesis of 4-((trimethylsilyl)ethynyl)benzaldehyde (4-44): To a clean, dry 250 mL 
round bottom flask, was added 60 mL of dry TEA which was then flushed with N2. 4-
bromobenzaldehyde, 4-42 5.00 g (27.0 mmol), and TPP, 204 mg (0.27 mmol), were added 
and allowed to fully dissolve. Once the solution was homogeneous, 5.6 mL of 
trimethylsilane acetylene, 4-43 (40.5 mmol) and Pd(II)(OAc)2, 61 mg (0.27 mmol), were 
added to the stirred solution. The reaction was allowed to reflux for 2 h, whereupon a white 
solid precipitate formed. Upon cooling to RT, the precipitate was filtered off and filtrate 
was concentrated in vacuo. The light orange solid was dissolved in 15 mL of EtOAc, 
filtered through silica plug (to trap residual salts), and washed with excess EtOAc. The 
orange filtrate was concentrated in vacuo for a purified mass of 5.05 g (92% yield). 1H-
NMR (500 MHz, CDCl3): δ 10.00 (s, 1H, (CH3)3SiCCC6H4-COH)), 7.82 (d, 2H, 
(CH3)3SiCC-C6H4-COH)), 7.60 (d, 2H, (CH3)3SiCC-C6H4-COH)), 0.27 (s, 9H, (CH3)3-
SiCCC6H4COH));
 13C-NMR (125 MHz, CDCl3): δ 191.39 ((CH3)3SiCCC6H4-COH)), 
136.84 – 129.40 ((CH3)3SiCC-C6H4-COH)), 103.80 ((CH3)3SiC-C-C6H4COH)), 99.01 
((CH3)3Si-C-CC6H4COH)), 0.23 (CH3)3-SiCCC6H4COH)). 
Synthesis of 4-ethynylbenzaldehyde288 (4-45): In a 250 mL round bottom flask, 4-44,  
5.05 g (25.0 mmol), was dissolved in 40 mL of MeOH and added to KOH, 1.75 g (31.2 
mmol), dissolved in 30 mL of MeOH. The reaction was stirred at RT for 4 h. 100 mL of 
brine was added to the reaction mixture, and the product was extracted (3 x 200 mL) with 
EtOAc. The organic layers were combined, dried over MgSO4, filtered, concentrated in 
vacuo, to give 2.89 g of a brown solid (89% yield). 1H-NMR (500 MHz, CDCl3): δ 10.02 




3.30 (s, 1H, HC-CC6H4COH); 
13C-NMR (125 MHz, CDCl3): δ 191.35 (HCCC6H4-COH), 
135.91 – 128.28 (HCC-C6H4-COH), 82.59 (HC-C-C6H4COH), 81.03 (HC-CC6H4COH). 
4.3.4 General methods 
Atomic emission spectroscopy for metal ion determination: Amounts of resin should 
be adjusted due to loading (description for ≈ 0.05 μmol/g loaded resin—ultra-low). 100 mg 
of resin was added to a dry, 10 mL volumetric flask and 1 mL of conc. HNO3 was added. 
The acid decomposition solution was allowed to sit for 20 minutes. DI H2O was added to 
dilute up to the 10 mL mark. A set of 4 standard solutions were made from stock 1% HNO3 
in DI H2O and 1000 mg Fe/L solution (Ricca Chemical, Arlington, TX) for a range of 
concentrations. All solutions were atomized using the Varian AA240Z Atomic Emission 
Spectrometer and a standard curve of intensity vs. concentration was used if linearity was 
higher than R2 = 0.995, if not, solutions were remade, then concentration of iron in 
reactivity stock solution was determined. The standard curve in Figure 4.14. was prepared 
with the following concentration range: 0.00, 0.06, 0.13, 0.5, and 1.00 mg Fe/L. This 
method was employed for additional metal complexes (‘M’ = Zn, Ga, or Cr) by using the 





Figure 4.14. Atomic emission spectroscopy standard curve for determination of low 
loading resins.  
 
High-resolution mass spectrometry sample prep: Approximately 10 mg of solid or oil 
of a compound in question was added to a tared 5 mL volumetric flask and using non-
deuterated solvents, was filled to the volumetric line (2 mg/mL). A 1:2 dilution using 
another 5 mL volumetric flask and a syringe (1.66 mL compound solution: 3.33 mL  of 
solvent for 1 mg/mL) was followed by a 1:10 dilution to reach desired sample 
concentration of 0.1 mg/mL.  
Liquid FT-IR spectroscopy sample prep: (Used most frequently with ligand or 
complexes that could not be isolated as solids) Amounts equal to the tip of spatula was 
added to a 10 mL scintillation vial and solvated in MeOH, EtOH, or iPrOH. Zeroed 
transmission spectra were taken using iPrOH-cleaned diamond surface on the attenuated 
total reflectance-FTIR (ATR-FTIR) spectrometer. Background transmission spectra were 
taken using the solvent of the sample and were allowed to fully evaporate before 32 scans 






















were recorded. 500 uL samples were added to cleaned diamond surface and solvent was 
allowed to fully evaporate and 32 scans were recorded and repeated 3 times.  
Solid state KBr pellet IR spectroscopy sample prep: A small pellet press was used by 
tightening the lower bolt by hand—no wrench(!) and the finely ground resin:KBr mixture 
(10 mg:65 mg) was added to the die with the lower pellet polished-side face up. The press 
was tapped firmly for 15 – 20 seconds to allow powder to settle and even out for optimum 
pellet. The top bolt was tightened by hand and using dual wrenches for the top and bottom 
bolt simultaneously. The top bolt of the die was loosened by wrench and unscrewed by 
hand to inspect the pellet. The bottom bolt was loosed last taking extra precaution not to 
dislodge the pellet. Most solids in KBr pellets were air stable for ≈ 5 minutes so stringent 
anaerobic conditions were not necessary to run spectra. Background transmission spectra 
were taken using either an empty plastic holster for the KBr press or a pure KBr pellet with 
a transmittance of 100%. Sample KBr pellets in a die were placed in-FTIR holster and 




4.3 Results and Discussion 
4.3.1 Surface immobilized linker N2O1 complexes 
 The properties of the series of ferrous homogeneous N2Ox complexes demonstrate 
the potential of these systems as useful catalysts in a variety of oxidative transformations. 
However, the formation of inert diferric µ-oxo species for all three mixed amine 
carboxylate ligated complexes in solution via dimerization of the proposed high-valent 
reactive intermediate with another ferrous center cripples their catalytic efficiency. This 
catalytic degradation pathway has directed work towards the pursuit of a tethered iron 
catalyst in an attempt to solve issues of homogeneous small molecule catalysis inactivation. 
The first-generation N2O1 linker ligand, 4-13, made satisfactory progress towards 
designing a copper(I) catalyzed azide-alkyne cycloaddition (CuAAC) click reaction 
scheme to heterogenize the homogeneous catalyst. However, the low reactivity observed 
with the first-generation resin catalyst suggests that it may not have fully prevented the 
dimerization of two metal centers due to high loading of the support and swelling of the 
crosslinked polystyrene backbone matrix. Additionally, the concern of delocalization of 
the electronic structure of the iron-oxo moiety onto the ligand system may have attributed 
to a decrease in catalytic efficiency.122 Although multiple possibilities for the observed loss 
of reactivity were proposed, the ultimate reason(s) have yet to be established. The lessons 
and concerns of the first-generation linker ligand, 4-13, informed the “rational design” of 
the second-generation system, 4-20. The coordination environment around the ferrous 
center of the second-generation N2O1 linker ligand is a 2-His 1-carboxylate ‘facial triad’ 




terminal alkyne in the para- position. A comparison of the parent N2O1 ligand and the two 
linker ligands shows the similarity between the backbone of the parent and linker N2O1 
ligands (Figure 4.15.). The removal of the aromatic character of the terminal nitrogen in 
4-13 was one goal of the second-generation linker ligand designed to improve catalytic 
efficiency once attached to the resin.  
 
Figure 4.15. Top: Left—first-generation N2O1 linker ligand, Middle—parent N2O1 ligand, 
Right—second-generation N2O1 linker ligand. Bottom: Left—first-generation N2O1 linker 
ligand complex, Middle—N2O1 complex. Right—second-generation N2O1 linker ligand 
complex. 
 
As explained in Section 4.1, the search for a suitable immobilization resin probed 
crosslinking, functionalization, and disperse homogeneous density of surface loading.  Our 
analysis suggested that the Santa Barbara Amorphous type material or SBA-15 might 
resolve many of the identified issues. Successful attachment of the azide linker as seen in 




FT-IR with the help of Dr. Norman Lee, Ph.D. The very strong, broad signals of the silanol 
groups of the SBA-15 resin which dominated the top and bottom spectra have been 
smoothed to the baseline in the 3500 ‒ 3000 cm-1 region for clarity of the weak stretch of 
the N ≡ N moiety, per the suggestion of Dr. Lee (Figure 4.16.).  
 
Figure 4.16. Top—KBr pellet IR spectrum of the SBA-15 resin starting material. Middle—
solution IR spectrum of the 1-azido-4-(bromomethyl)benzene. Bottom—KBr pellet IR 
spectrum of SBA-15 resin with ≈ 6.00 mmol azide/g resin. 
 
 The top spectrum of a KBr pellet of the SBA-15 starting material, 4-34, shows 




moisture in the silica gel.289 The middle spectrum is a liquid IR sample of the 1-azido-4-
(bromomethyl)benzene, 4-33, with a strong N ≡ N stretch around 2100 cm-1. The final 
spectrum shows three distinct signals; the broad stretch at 2300 cm-1 assigned as the N ≡ N 
stretch of the azide attached to the resin, a less intense signal at 2110 cm-1 that correlates 
with unbound azide from unreacted starting material, and the O ‒ H bend due to moisture 
in the silica gel around 1630 cm-1.289 The use of infrared spectroscopy offers a qualitative 
identification of the success of the functionalization reaction, but the use of atomic 
absorption, and for low-loading resins atomic emission spectroscopy, quantitatively 
analyzed the amount of metal in the catalyst. The approximate loading of the SBA-15 
mesoporous silica gel was 6.00 mmol silanol/g resin however, this was hypothesized to be 
too high loading to see appreciable chemistry as measured by methanol to formaldehyde 
TON. Further studies of the SBA-15 resin thus attempted to diffuse the high density of the 
silanol moieties and a tactic implemented to “cap” the additional silanol groups was an 
increase in the equivalents of methyl iodide (MeI). It is believed that the methylated silanol 
groups decreased the resin loading as the “islands” of color observed with the 
bathophenanthroline assay appeared light red (in comparison to the dark red without the 
addition on MeI) indicative of less ferrous iron complexes bound to the MeSBA-15 surface. 
Table 4.4. shows the methodical methylation of silanol moieties to decrease the density of 
complex on the resin surface. The concentration of iron complex on the surface showed 





Table 4.4. Theoretical and experimental concentration of methylated SBA-15 complexes. 
Theoretical concentration  
μmol Fe/g resin 
Experimental concentration  
μmol Fe/g resin 
1000 950 (±9)† 
100 123 (±2)† 
10 3.0 (±0.6)† 
1 0.93 (±0.01)† 
0.1 0.37 (±0.02)† 
0.05 0.188 (±0.019)‡ 
†concentration calculated via standard curve using atomic absorption spectrometer.  
‡concentration calculated via standard curve using atomic emission spectrometer. 
 
The preference for the SBA-15 matrix over the chloropropyl functionalized silica 
matrix was based on issues of consistency of the anticipated loading versus actual loading 
values. Frequently, concentration of metal in the catalyst would be off by more than an 
order of magnitude due to the unpredictable nature of the chloropropyl resin surface. The 
ability to fine-tune or control the loading of the methylated SBA-15 (MeSBA-15) catalyst, 
4-37, allowed for the investigation of a concentration dependence with methanol oxidation 
(Figure 4.17.). In addition, the strength of the Si-O bonds and crosslinked nature of the 
solid offered no solubility in MeOH and DCM allowed an easy catalyst recovery and 
capability of testing the recyclability of the resin. To test for recyclability, after the 
immobilized catalyst was allowed to react in an aerobic atmosphere with the addition of  > 
100 equiv. of the sodium salt of α-KG in methanol, the reaction tube was centrifuged and 
reaction supernatant decanted. Fresh methanol and [α-KG][Na] were introduced to the 
remaining silica heterogenized complex and was allowed to react fully again. This process 
was repeated 2 ‒ 3 times and the production of formaldehyde in the supernatant was 




The capability of the resin to activate C-H bonds of methanol (BDEMeOH = 94.6 
kcal/mol) and catalytically perform this after 2 or 3 “cycles” shows great promise of the 
heterogenized homogeneous system.33 An inverse relationship between metal 
concentration and average turnover for the surface-immobilized catalyst was observed as 








Figure 4.17. Left—Methanol to formaldehyde oxidation at various iron concentrations on 
MeSBA-15 resin catalysts as determined using the Nash assay. Right—Formaldehyde 
turnover number and [Fe] relationship. Correlation (R2 = 0.974) between 1/[Fe] and TON 
(inset).  
 
This inverse relationship provides evidence for a metal-based oxidant responsible 
for the chemistry as opposed to freely diffusing radicals which would be expected to incur 
a higher TOF as a higher concentration of metal was available. The only deviation from 
linearity falls with the lowest loading resin at 0.188 ± 0.019 μmol Fe/g resin which 
turnovers were all sub-stoichiometric (at 0.93 ± 0.74 TON per iron equivalent). It was 
Concentration  
μmol Fe/g resin 
TON 
950 (±9) 0.07 (±0.03) 
123 (±2) 0.21 (±0.05) 
3.0 (±0.6) 0.32 (±0.08) 
0.93 (±0.01) 1.89 (±0.56) 
0.37 (±0.02) 10.49 (±3.49) 




posited that due to the extremely low loading of the MeSBA-15, adding 100 mg of resin in 
each reaction was akin to ≈ 18 nmol Fe present. The Nash assay relied on the colorimetric 
absorbance of diacetyldihydrolutidine (λmax = 412 nm; ε = 8000 M
-1cm-1), the product of a 
Hantszch reaction between acetylacetone, formaldehyde and ammonium acetate, could 
potentially not be a sensitive enough test for catalytic activity.184 Various attempts at 
reactivity using a gas chromatography flame ionization detection spectrometer (GC-FID) 
with a limit of detection in the picogram range, as the analytic method to monitor substrate 
oxidation proved futile.290 In previous reactivity studies, the highest TOF was observed 
when the substrate and cofactor were at least 1000 and 100 times more concentrated than 
the iron catalyst, respectively. The reactions were run with 500 ‒ 5,000 α-KG molar 
equivalents (per iron) and to aid in solubility of the small highly charged α-KG cofactor in 
a nonpolar solvent such as DCM, the tetraethylammonium α-KG salt or [NEt4][α-KG] was 
employed. As discussed in Chapter 2, the synthesis of tetraalkylammonium salts of the α-
keto carboxylic acids utilized tetraalkylammonium from a 25% hydroxide solution that was 
reacted in 0.98 molar equivalent to avoid poisoning of the catalyst with additional base. 
From the chromatographs, the dominant overwhelming signal was triethylamine (TEA)—
a byproduct possibly produced by hydroxide reacting with the [NEt4]
+ via a Hoffman 
elimination step. It was apparent that a new synthesis of the tetraalkylammonium α-KA 
salts is required to circumvent the buildup of TEA in order to observe reactivity with a 
resin that is loaded with iron on a nanomolar scale. In addition, although SBA-15 had the 
most promising reactivity of the surface-immobilized catalysts to date, what makes the 




A key aspect in the heterogenization of the catalyst was not just the low overall level of 
loading on the immobilized support, but globally uniform and diffuse low level of 
loading. Because of the inconclusive nature of the reactivity trials with the ultra-low loaded 
Fe(II) MeSBA-15 resin complex, 4-37, effort was also directed towards an attractive 
alternative, controlled pore glass (CPG).  
  Commercially available CPG offers a number of advantages over other solid 
phase materials, such as, stability in organic solvents, high surface area, uniform pore size 
and uniform pore distribution.293 Where the SBA-15 resin achieves great success is high 
loading of hydrophobic small molecules in the large hexagonal pores, CPG can be used for 
diffuse low loading and sites of chemistry that are far apart, as it is frequently used for 
oligionucleotide and peptide synthesis.294 With the linker currently used, we estimated that 
each Fe center needed to be > 35Å apart (as estimated from the current second-generation 
linker ligand length), so it was pertinent that the CPG can be modified without clustered in 
domains that are tightly packed. Work has only just begun towards the functionalization of 
two different CPG resins, one with a loading of 79 μmol/g resin and the other with a loading 
of 37 μmol/g CPG.  The syntheses (Figure 4.18.) were carried out in non-halogenated 
solutions as the formation of diazidomethane from nucleophilic substitution of DCM by 
NaN3, are reported to cause laboratory explosions and potential injuries.
287,295 The biphasic 
system and small-scale synthesis allowed the safe and convenient in situ synthesis and 





Figure 4.18. Top—preparation of trifyl azide. Bottom—Transfer of trifyl azide to primary 
amine on CPG to prepare surface for CuAAC click reaction. Adapted from Titz.287 
 
 Current efforts entail a creative solution to observe the azide on the surface of the 
control pore glass, as a method such as solid state KBr FTIR which was successful in 
characterizing the SBA-15 resin is problematic due to the refraction of the glass surface 
and the intentionally low levels of azide covalently linked to the silica. Initial progress is 
promising and is undergoing optimization in order to reproducibly attach the second-
generation linker ligand, 4-20, via a CuAAC click reaction, followed by metalation with 
FeCl2 and subject reactivity studies.  
 Although the ultimate reactivity goal of the surface-immobilized complexes was 
to utilize α-KG as a cofactor, activate dioxygen and oxidize a substrate, the ability to use 
an OAD and observe the same chemistry is just as attractive to the fields of fine chemical 
and pharmaceutical production. As discussed in Chapter 2, many of the model complexes 
that have not been successful in activating dioxygen have utilized peracids, peroxides and 
oxygen atom donors to observe reactivity, although frequently via homolytic cleavage 
pathways.8,45,50–54,57,167 One OAD in particular, para-cyano-N,N-dimethylaniline N-oxide 




As described in Chapter 2 (Section 2.1.1.) each of the three complexes, [FeII(N2O1)]
+ (46), 
[FeII(N2O2)] (58), and [Fe
II(N2O3)]
- (23), were shown to react with p-CN-DMANO in 
MeOH to produce formaldehyde (TON denoted in parentheses). These data 
mechanistically suggest that this family of complexes are each capable of proceeding 
through a two-electron (FeII to FeIV-oxo) pathway, as simple Lewis acid adduct formation 
and polarization of the bound OAD are not expected by past data to support oxygen atom 
insertion into a C-H bond. Nonetheless, the spectroscopic characterization of the exact 
nature of these species will require rapid-freeze quench utilization, which is currently 
planned. The use of p-CN-DMANO with the surface-immobilized N2O1 complex has not 
been thoroughly studied as of yet, but the goal in the near future is to test the reactivity of 
all three surface-immobilized catalysts and observe trends of the increasing carboxylate 
ligation on electronic and catalytic properties.  
4.3.2 Surface immobilized linker N2O2 and N2O3 complexes 
 Modeling the simplicity of the second-generation N2O1-linker ligand, the initial 
design of the linker-N2O2 and linker-N2O3 ligand syntheses included one-pot reaction 
conditions. The alkynyl moiety, 4-45, for use in attachment to the azide functionalized resin 
via copper(I) catalyzed azide-alkyne cycloaddition (CuAAC), was synthesized in high 






Figure 4.19. Two-step synthesis of aryl-substituted alkynyl linker tail, 4-45. Adapted from 
Auras.288 
 
The proposed synthesis of the linker-N2O2 and linker-N2O3 proceeded with the first 
step as a demethylation at one nitrogen followed by a direct reductive amination to attach 
the alkynyl tail (Figure 4.20., middle and bottom). This design deviated from the linker 
N2O1 synthesis as a reductive amination of glyoxylic acid in the presence of N,N-
dimethylethylenediamine and 10% palladium-on-carbon achieved desired secondary 
amine, 4-19, in high yield (91%, Figure 4.20. top). The subsequent reductive amination 
and alkylation produced the linker-N2O1, 4-20, with high purity and 70% yield. Where the 
linker-N2O1 linker synthesis produced a secondary amine, the linker-N2O2 and linker-N2O3 
syntheses attempted to demethylate before attachment of the alkynyl tail. Further 
investigation of the proposed linker ligand syntheses showed that the N-demethylation step 
would be more problematic to perform than anticipated, leading to low yields, forcing the 





Figure 4.20. Top—Successful linker-N2O1 ligand synthesis. Bottom—Proposed linker-
N2O2 and linker-N2O3 ligand syntheses. 
 
 The linker-N2O2 ligand followed a parallel design using a similar initial template 
established for the linker-N2O1 ligand with the N-methyethylenediamine starting material, 
4-46, where a reductive amination afforded a protected secondary amine, 4-47, in 86% 
yield (Figure 4.21.).296 The benzyl protecting group allowed for an orthogonal protection 
strategy to be used to install the two tert-butyl protected carboxylate groups for a fully 
functionalized diamine, 4-48. The subsequent debenzylation step however encountered 
significant problems. Despite abundant precedent in the literature, cleaving the benzyl 
group at room temperature using 10% palladium on carbon at 1 atm (14.6 psi) pressure 





Figure 4.21. Synthesis of linker N2O2 ligand.  
 
  Table 4.5 lists several attempts and the successful debenzylation of a tertiary 
amine through the use of Pearlman’s catalyst, 20% Pd(OH)2 on carbon, per the 
recommendation of Prof. John Porco, as far superior to cleaving N-benzyl groups than 
palladium on carbon alone.304,305 
 






H2 pressure Time 
Product 
observed? 
iPrOH 10:1 10% Pd/C 14.6 psi 12 hr N 
iPrOH 5:1 10% Pd/C 14.6 psi 24 hr N 
MeOH 2:1 1% Pd/C 45 psi 5 hr N 
MeOH 10:1 1% Pd/C 14.6 psi 1 week N 
EtOH 10:1 1% Pd/C 14.6 psi 48 hr N 
iPrOH 1:2 1% Pd/C 14.6 psi 72 hr N 
MeOH 10:1 10% Pd/C 14.6 psi 72 hr N 
MeOH 10:1 10% Pd/C 50 psi 18 hr N 
MeOH 
1.8:1.0 10% Pd/C 
50 psi 48 hr Y 





 The reductive amination of the 4-ethynylbenzaldehyde, 4-45, and attachment to 
the secondary amine, 4-50, proved to be nearly as problematic with purification issues 
leading to low yields (22%) and scale-up difficulties. It is hypothesized that the presence 
of triethylamine (TEA) aids in deprotonating the secondary amine but the exact protonation 
state of the N2O2 ligand in general is not fully understood at this time. The TEA also 
complicates the column purification, however without the presence of TEA, no alkynylated 
product is observed. It is also unclear why but pure 4-50 cannot be isolated without the 
presence of 2,6-dimethyl-4-tert-butylphenol or BHT. The highlighted signals from the 1H-
NMR and 13C-NMR spectra show the significant amount of BHT as compared with 4-50 
(Figure 4.22.). Work is ongoing in the lab currently to synthesize and isolate in purity the 
linker-N2O2 ligand salt. Due to the presence of the alkynyl tail, it is necessary to deprotect 
without an acid-catalyzed reaction. Previous attempts have utilized KOH and LiOH ∙ H2O 
for tert-butyl ester cleavage, however no high-resolution mass spectrometry data have 







Figure 4.22. 1H-NMR characterization (top) and 13C-NMR characterization (bottom) 




 Several of the lessons from the synthesis of the linker-N2O2 ligand aided in the 
design of the linker-N2O3 ligand. However, despite success in the reductive amination of 
the benzaldehyde with the first step of the linker N2O2 ligand to form 4-47, serious 
obstacles arose with the linker N2O3. It is believed that in the case of the N2O2 scaffold, the 
secondary amine, 4-46, acted as directing group to preferentially attach the benzyl group 
to the primary amine. For the linker-N2O3 ligand, several failed attempts to isolate N-
benzylethylenediamine, from ethylenediamine, necessitated the purchasing of this reagent 
(4-52, Figure 4.23.).  
 
 




The subsequent attachment of three protected carboxylic groups and debenzylation 
proceeded with high purity and high yields, quantitative and 86%, respectively for 4-53 
and 4-54. It is not understood, but the alkynylation step for linker-N2O3 was successful 
with 77% yield after flash chromatography with no TEA necessary, contrary to what was 
observed with the linker-N2O2 step. It was noted that both the linker-N2O2 and -N2O3 
protected tert-butyl esters with the attached alkyne tail had significant amounts of BHT 
present (Figures A. 4.32. and A. 4.33). The final synthesis step of the linker-N2O3 proved 
successful after a careful acidification to isolate the dilithium salt with the attached aryl 
alkynyl tail. Additionally, owing to the very polar nature of the deprotected ligand, the 
remaining BHT in solution was observed in the organic layer but not in the aqueous, 
product-containing fractions. Characterization via 1H-NMR and 13C-NMR spectroscopy 
suggest additional work may be necessary to optimize the last step and remove excess salt 
but a positive high-res MS identification confirms the presence of a dilithium linker-N2O3 
ligand. The progress that has been realized between the linker-N2O2 and linker-N2O3 
ligands suggests the attachment of these to a MeSBA-15 functionalized azide surface via a 




4.4 Conclusions and future direction 
 Significant progress has been made in converting the velut vivum system from a 
purely homogeneous complex to surface-immobilized resin catalyst. Instead of designing 
a sterically-encumbered ligand to enhance the lifetime of the active catalyst, the second-
generation linker-N2O1 ligand keeps a similar electronic environment around the ferrous 
center and uses an alkyl tail for attachment to the azide-functionalized resin. The thorough 
testing of possible surface-immobilization resins led to a non-crosslinked silica gel without 
swelling issues for use in further reactivity studies with nonpolar, aprotic solvents. An area 
of interest would be to investigate the effect of the solvent polarity on the resin reactivity. 
Previous work in the lab has compared the λmax and solvent polarity of the MLCT band 
with α-ketoglutarate bound but were unable to test reactivity over that span of solvents. 
Issues of solubility of the highly-charged small molecule homogeneous catalyst and the 
need for mixed solvent systems with potential for a nonhomogeneous distribution of polar 
versus nonpolar solvation of species precluded the possibility of study.123 The surface-
immobilized catalyst can easily circumvent these issues because the solid offers no 
solubility in traditional solvents and thus also allows for a facile catalyst recovery.  
The ultimate goal of the surface-immobilization project has been to combine 
heterogeneous and homogeneous catalysis to activate dioxygen via pursuit of the highest 
efficiency version of the velut vivum model. The issue of the lifetime of the active catalyst 
in the homogeneous system was hampered by the thermodynamically-favorable production 
of the diferric μ-oxo species. The MeSBA-15 complex shows great promise with the 




“cycles”. In addition, the dark red chromophore seen in the of bathophenanthroline assay 
with the resin-bound complex not only indicated ferrous iron was metalated in the complex, 
but that the complex has two open sites for the bidentate binding of bathophenanthroline. 
The presence of three open sites in the immobilized complex is not guaranteed, but in the 
presence of α-keto glutarate in aerated methanol, 10 turnovers per equivalent of iron were 
quantified via the Nash assay ([Fe] = 0.188 μmol/g resin). The trend of oxidation of 
methanol to formaldehyde tracking in an inverse relationship to the concentration of iron 
in the resin suggests that like the homogeneous reactivity, a metal-based oxidant is 
responsible for the reactivity. Current research to tether the linker complexes to CPG, 
suggests a ferrous-based ultra-low loaded resin is on the cusp of characterization and 
reactivity testing. Another strong possibility of the series of surface-immobilized catalysts 
includes the use of two-electron oxygen atom donors to produce a potent high-valent metal-
oxo for comparison of the electronic and reactivity differences.  
The diffuse pore distribution of the CPG might offer better reactivity with ferrous 
iron activating dioxygen, but the reliability and high-density 2D hexagonal loading of the 
SBA-15 resin could work to the advantage of the surface-immobilized catalysts of a 
different redox-active metal. Chapter 3 entails work on the epoxidation reactivity of the 




2+, with an oxygen atom donor. Work is currently underway to optimize the 
immobilization of the N2O1 chromium-based catalyst for testing of its catalytic efficiency. 




complexes could be metalated and achieve reactivity with an OAD tested to observe trends 
of heterogenized homogeneous chromium complexes.  
The surface-immobilized project was born out of the challenge of controlling the 
reactive homogeneous Fe(II) catalyst from self-inactivation. The tether and diffuse low 
loading on silica-based resins are all designed to combat these issues, but flow chemistry 
may provide the most robust solution to enhance catalyst lifetime going forward. The 
opportunity afforded by a resin-bound species coupled with flow chemistry could be 
symbiotic; both by expanding the archetype of continuous flow technologies and allowing 
the potential regeneration of inactivated catalyst via in-situ reduction. The observation of 
overoxidation of substrate as mentioned in Chapter 1, suggests the residence time of the 
substrate and product with the active catalyst would benefit from a high-velocity, short 
path, parallel flow system. Opportunities for collaboration within Boston University with 
the lab of Professor Aaron Beeler, make this an exciting possibility to rethink the traditional 
flow chemistry architecture. In addition, when the diferric, μ-oxo dimer is formed via the 
self-inactivation pathway, with a flow system, a reductant could be passed through the 
column to reduce the ferric centers and support additional chemistry. As metal-based 
catalysts have indelibly transformed chemical synthesis, it is the hope that the preliminary 
synthetic efforts presented herein provide a working foundation for the betterment of this 










































































   
































































































































Figure A. 4.31. 1H-NMR characterization of 4-55, di-tert-butyl 2,2'-((2-((2-(tert-butoxy)-





Figure A. 4.32. 13C-NMR characterization of 4-55, di-tert-butyl 2,2'-((2-((2-(tert-butoxy)-





Figure A. 4.33. gCOSY characterization of 4-55, di-tert-butyl 2,2'-((2-((2-(tert-butoxy)-2-





Figure A. 4.34. gHSQCAD characterization of 4-55, di-tert-butyl 2,2'-((2-((2-(tert-
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